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In the atmosphere in the height of 18000ft to 25000ft, there are some metastable droplets
called supercooled liquid water in the temperature range of 0◦C to 40◦C. When these droplets
impinge on the wings of an airplane, a very thin layer of ice is formed on the surface. This
natural phenomenon calls “impact icing”.
In this research, I studied the nanoscale impact icing on structured graphite surfaces, as
the substrates at the atomistic scale using Molecular Dynamics (MD) simulations. This research
focuses on the first steps of the development of a predictive multiscale strategy for molecular
simulations of impact ice adhesion on nanostructured substrates. Through the simulations, the
molecular level physics such as molecular interactions, interfacial energy, and nanoscale surface
roughness are processed into a “microscopic ice adhesion strength” that describes the energy cost
for breaking the nanoscale interfacial layer.
In this work, the simulation strategy is designed based on the postulate that at the
nanoscale the fracture strength of impact ice on a given substrate is controlled by the extent of
the ice interdigitating the substrate. The interdigitating interfacial structure is then determined by

the process of wetting the substrate by a supercooled impinged water droplet and the process of
penetrating of supercooled water crystallizing into ice crystals under graphene nanoconfinement.
Following this line of reasoning, I divided my impact icing simulations into three separate
sections including (1) simulations of dynamic wetting of supercooled water on nanostructured
graphene substrate, (2) simulations of water crystallization under nano-confinement, and (3)
simulations of fracture of prescribed ice-substrate interfacial structure.
Based on the results, it is concluded that the degree of surface hydrophobicity, depth of
penetrated water, the order of interlocked water molecules, size of surface roughness, texture
structure of the surface, and ice temperature are the key roles that dominate the investigation of
fracture strength of impact ice at the solid interface. Furthermore, MD simulation results
demonstrate that the surface roughness lower than 3.0nm is enabled to stop water from
crystallization, a piece of useful information to design anti-icing surfaces.

Keywords: ice, graphene, fracture strength, water crystallization, dynamic wetting, (MD)
simulations
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CHAPTER I
INTRODUCTION
1.1

Motivation and aims
Icing is a complex issue causing major safety, operation, and economic problems in many

industries and areas such as road, air and sea transportation, power transmission,
telecommunications, offshore, wind turbines, and heat exchangers. Active ice-combating
methods1 such as thermal and mechanical methods and using anti-icing chemical agents have the
disadvantage of high energy consumption and negative environmental effects. Designing
surfaces with high resistance against ice formation (anti-icing surfaces) and ice retention (deicing surfaces) has attracted lots of attention in recent years2. However, ideal icephobic3, i.e.,
anti-icing and de-icing, surfaces are not fabricated yet. Besides, there is a debate on what surface
characteristics and wetting states result in a promising solution to the problem. The principal
goal of this dissertation is to achieve a fundamental understanding of ice adhesion at the
atomistic scale on nanostructured graphite surfaces. The specific objective is to correlate the
surface chemistry and topography of surfaces to their anti-icing and de-icing performance. The
most important goals of this work are to rationalize what surface topography and wetting state
are the best for anti-icing purposes and to suggest what surface topography reduces ice fracture
strength the most.

1

1.2
1.2.1

A brief description of water
An important liquid with unique physical properties
Water is the most plentiful solvent in nature4. It plays some important roles in a wide

range of chemical and biological processes. Several physical properties of water such as density,
viscosity, latent of the heat of fusion or vaporization, etc. are well established as a function of
temperature. Furthermore, water has many abnormal physio-chemical properties such as a
negative volume of melting between 0◦C to 4◦C, and several crystalline polymorphs in the solidstate. Such abnormal physical properties can be described and related to the ability of water
molecules to form a tetrahedral coordinated hydrogen bonds networks5.
1.2.2

Liquid Water Structure
Although the macroscopic properties of liquid water have been comprehensively studied,

still there are some obscurities in related microscopic properties of water molecules. In the last
few decades, some experimental techniques such as Raman spectroscopy6, light scattering
spectroscopy7, and small-angle neutron scattering8 have been largely implemented to study the
structural and dynamical properties of liquid water. A strict experiment on the structure of liquid
water was promoted by Werner et al.9 at the micron level in which they applied the X-Ray
absorption technique (XAS). As they have proposed, the majority of liquid water molecules
experience a distorted, asymmetric hydrogen bonding environment. However, this achievement
conflicted with the well-established principle that the water molecules are generally distributed
by the tetrahedral network of hydrogen bonds10. Lately, Wilke and co-workers11 reported the
microscopic structure of water at different thermodynamic conditions by using X-ray Raman
spectroscopy in the experiment as well as ab initio molecular dynamics simulations, and density
functional theory (DFT) study. They pointed out that the distortions of hydrogen-bond networks
2

in a single water molecule rigorously increase when the temperature and pressure of the system
approach to the supercritical regime.

Figure 1.1

1.2.3

Each water molecule is in a local tetrahedral cage in the H-bond network. Red
denotes oxygen and white stands for hydrogen atoms. Each water molecule has
two donors and two acceptors. The dash lines indicate H-bond connections among
water molecules.

Hydrogen bond networks in water molecules
The characteristic properties of liquid water can be attributed to hydrogen bonds12,13. It is

widely acknowledged that fleeting H-bond is one specific aspect of a structure of water molecule
that separates it from most other available liquids. The concept of hydrogen bond was first
systematically studied by Latimer and Rodebush almost one century ago14. Generally, a
hydrogen bond especially exists between electronegative atoms (e.g. oxygen, fluorine, and
chlorine) and hydrogen atoms, especially when electropositive atoms are chemically bonded
3

directly to electronegative atoms. It must be said that the hydrogen (H) bond is intensely
directional. As a result, the chemical bond containing the hydrogen atom that is donated to Hbond tends to point directly at the nucleus of the hydrogen-accepting electronegative atoms. The
strength of the H-bond in water is roughly 0.2 eV and is normally intermediate between the van
der Waals (vdW) interactions (~ 0.02 eV) and strong covalent chemical bonds (~2 eV). Figure
1.2 shows water molecule interaction via the H-bond in the water dimer. As the water dimer
contains only one H-bond, it is usually taken as an accurate benchmark calculation to show
dissociation energy variation, thus providing evidence about H-bond strength. Liquid water
consists of a macroscopically connected, random network of H-bonds, with frequent strained and
broken bonds, as seen in Figure (1.2). It can be said that the anomalous properties of water arise
largely due to the H-bond. For instance, liquid water's high boiling point is due to the formation
of a higher number of H-bonds in the water molecules. Water is unique because of its oxygen
atom has two lone pairs and two hydrogen atoms, therefore the total number of H-bonds per
water molecule is two as each H-bond is shared by two water molecules. That is, each water
molecule will behave as an H-bond donor through pointing its hydrogen at a lone-pair negative
region of each of two neighboring water. In the other two interactions, the central water
molecules will act as the H-bond acceptor of two neighboring water pointing their hydrogen
towards the lone-pair regions of the central water molecule. Due to the hardship of breaking the
H-bonds, water has a very high boiling and melting points as well as viscosity compared to the
other molecular liquids that are not H-bonded such as CH4, SiH4.
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Figure 1.2

Snapshot of a computer simulation of liquid water. Oxygen atoms (red balls) and
hydrogen atoms (white balls) form molecules via covalent bonding (solid lines).
Neighboring molecules interact via H-bonding (dash lines). In this image, the
center molecule is tetrahedrally coordinated, forming four H-bonds. The image is
taken from [25].

Figure 1.3

Water molecules interact via H-bond.
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1.3

The Problem of Icing and Current Solutions
The issue of icing from supercooled water droplets at in-flight aircraft in the atmosphere,

known as “impact icing” can leave a devastating effect on many human-made infrastructures and
equipment. This natural phenomenon results in a huge amount of fatal accidents with loss of
human lives. The adhesion strength of ice induced by the supercooled liquid water impinged on
surfaces can negatively affect the proficiency of equipment and structures in aircraft which are
not limited to aviation industries and all forms of transportation15. As an instance, ice accretion
on powerlines is a severe problem that can lead to wire breakage and powerline towers
destroying16. Accumulation of ice on substrates is also a harsh problem mainly for aircraft
industries where airplanes are subjected to supercooled liquid water droplets at the height of
between 18,000 to 25,000 ft from the ground with the temperature range between 273K to
233K17. When planes fly in the atmosphere in this situation where a mixture of liquid water
droplets along with the existence of supercooled water droplets causes a natural occurrence
happens which is called “impact icing”18. In other words, when an external body of airplanes is
exposed to the metastable supercooled liquid water droplets, a thin layer of solid ice is formed on
the plane’s wing surfaces which results in an issue for dynamic and thus controlling the
airplanes. This natural phenomenon leads to some aerodynamic issues to the planes which has
been caused a lot catastrophe for human lives. It can be noted that the presence of even a rare
amount of ice can limit the function of several functional sections of the airplanes. To make it
clearer, the formation of ice on aircraft wings hinders the flow of air to the past through the
wings. It causes the applied drag force on the wings’ surfaces to be increased and thus, as the
result the ability of aircraft to lift is drastically decreased. This situation is presented in Figure
1.4. As an example, to this natural disaster, in February 2009, the tragic Buffalo crash of Colgan
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Air Flight 3407 occurred which caused more than 50 people killed which was due to the
accumulation of ice particles on the wings of aircraft19.

Figure 1.4

Ice build-up decreases the lifting power of aircraft

Due to all these wretched aircraft problems, a remarkable effort has been applied to
create hydrophobic surfaces that facilitate the ice-removal from substrates.
Most of these efforts include thermal or mechanical techniques as well as applying
specific chemical agents which simplifies the removal of built-up ice from surfaces. The lastmentioned method is called ‘coating technique’ which is the most used method to lessen the
accumulation of ice on aircraft’s wings and other functional sections. As an example, in a sol-gel
coating technique, a special chemical compound slowly releases on the surface which decreases
the freezing point of water where supercooled liquid water droplets exist in the atmosphere20.
Although, applying these techniques not only endanger the environmental health, but also
provide high economic costs, and the essential needs for endless re-application, which is
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prohibitive and not being cost-effective. Thus, it could be said that the most attractive solution, in
this regard, is to manipulate a type of surface that shows permanent icephobocity or declining the
probability of ice accumulation on the exposed substrates21.
1.4
1.4.1

Principles of Hydrophobicity
Wenzel Wetting state
The physical properties of the exposed surface substrate can affect the wettability of the

impinged liquid water droplet. They are classified as surface tension and surface roughness. On a
textured surface, there are two equilibrium states of the impinging water droplet that face the
substrate groove structure. This results in matching two different equilibrium states for the
impinged droplet22. The first wetting possibility that is for the droplet to adapt to the existing
profile of the solid surface, and thoroughly wet the grooves of the surface. This wetting model is
called Wenzel state, named after Robert N. Wenzel23, as represented in Fig 1.5.

Figure 1.5

Schematic illustration of the droplet in Wenzel state24
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Wenzel argued that, in surfaces in which the solid-liquid interface energy is higher than
the solid-air interface energy, like as the intrinsically water-repellent surfaces, it will be harder to
thoroughly wet the surface when there is some surface roughness.
Figure 1.6 shows the contact angle between the droplet and the exposed surface as a
function of the roughness factor. Wenzel introduced the concept of a “roughness factor” (Rf) that
describes the increase in surface area of a textured surface compared with the geometric area. It
is defined as the actual surface area divided by the geometric surface area, in which Rf is always
greater than 1 except in the case of a perfectly flat surface, where the actual surface and
geometric surface are identical. As can be seen, with increasing roughness factor (Rf) the
measured contact angle (CA) decreases for the hydrophilic surfaces (the two curved bottom
lines) and increases for the hydrophobic surfaces (the two curved top lines), which is truly what
the Wenzel state model predicted.

Figure 1.6

Contact angle as a function of surface roughness (Rf) relevant with Wenzel state
model
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1.4.2

Cassie-Baxter Wetting State

The other possibility for the situation of the liquid droplet on a textured substrate is to
become mobile and suspended on top of the surface nano groove structure which causes the air is
trapped between the grooves or surface texture structures. In these conditions, no wetting has
occurred, and the droplet sits on a bed of nano or micro surface canals. It is known as the CassieBaxter state after Cassie and Baxter established the theory in 194425. In this case, there are two
interfaces available for being solid-air and solid-liquid interfaces. In this condition, the droplet
rests on top of the surface groove structure, which caused the surface tension is declined and
leads the growth in the droplet contact angle. This state model is depicted in Figure 1.7.

Figure 1.7

Schematic of a droplet in the Cassie-Baxter state model26

Cassie-Baxter and Wenzel state wetting configurations are the representations of energy
equilibrium positions. Several physical factors dominate the configuration of a droplet on a
textured surface. They are included as but are not limited to, surface roughness, pressure, size of
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the surface texture, droplet size, liquid droplet temperature, and the way of droplet delivered to
the exposed surface27. As an example, when a textured superhydrophobic surface with some
pillars is exposed to a gentle water droplet, the available energy barrier is too high which caused
the surface remains in the Cassie-Baxter wetting state. While the water droplet impinges on the
textured substrate with some kinetic energy or exposed to vibration or electrical energy, then the
Wenzel wetting state should be more feasible to take place28. In the Wenzel state, if wetting
happens because of the impinging droplet kinetic energy, it calls as “impact icing”. In this case,
droplets can have collective velocities in a range of 0.1 to 0.5 Mach number. The overall goal in
anti-icing studies is to hinder the transition from Cassie-Baxter state to the Wenzel state of
wetting modes. In the following, some key factors on the stability of the Cassie-Baxter wetting
mode will be explained.

1.5
1.5.1

Effect of Surface Physical Parameter on the Wetting mode of Liquid Droplet
Roughness effect
Generally, there is no exact and definite limit to make a bridge between two so-called

wetting modes of Wenzel and Cassie-Baxter states; but, the latter mode is much more expected
to occur on highly rough surfaces and the initial one is more likely to appear on low to
moderately rough surfaces. It is interesting to mention that the two states have been observed to
co-exist on hydrophobic surfaces with temperate roughness29.
1.5.2

Surface curvature effect
The curvature of surfaces affects the wettability properties of substrates to some extent.

Nosonovsky30 developed an expression which mathematically describes why curved surfaces
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specifically show more resistance in the transition from the Cassie-Baxter to the Wenzel state.
As illustrated in Figure 1.8, when the liquid-air interface comes down a curved pillar of a
surface, the changing in droplet contact angle results in changes in the energy as30;
dW = dASL γLA (cos θ - cos θ0 )

(1.1)

where dW is the change in the energy with regards to the change in the solid-liquid contact area,
and θ − 𝜃0 relates to the changing in the contact angle of the droplet with the exposed surface.
For example, on a substrate with the groove structure, increasing in liquid-air compared to
liquid-solid interface results in rising in droplet contact angle, and thus, based on equation (1.1),
the energy is declined. In these cases, it is energetically desirable for the liquid droplet to
displace and move on the textured substrate compared to penetrate the surface groove structure.

Figure 1.8

Schematic of two-dimensional vertical pillars with bumps and grooves30.
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1.5.3

Liquid droplet impinging velocity effect
Regardless of the droplet velocity, it has been proven that the potential energy of the

impinging liquid droplet due to the gravitational potential can be enough energetic for the droplet
to penetrate to the surface roughness which brought about the irreversible transition between
Cassie-Baxter and Wenzel wetting mode states31. Jung and Bhushan32 studied the effect of the
physical characteristic of surface like as the periodic distance between the surface pillar
structures on the dynamics behavior of impinging water droplet on superhydrophobic surfaces.
Figure 1.9 depicts two series of snapshots of droplets which contact the surface with different
impact velocities. In that figure, series (i) relates to a droplet with an impact velocity of 0.44 ms1

, and series (ii) is the one with a collective velocity of twice of series (i).

Figure 1.9

Snapshots of a 1 mm radius water droplet contacts a Silicon surface coated with
PF3 at two different impinging velocities of 0.44 ms-1 and 0.88 ms-1 32

As the figure depicts, the droplet in series (i) with lower impact velocity, after being
exposed with the surface, becomes horizontally extended, afterward being detracted quickly
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because of the hydrophobicity of the surface. After indicating some bounces from the surface,
the droplet rests on the surface with a high contact angle which can be correlated to the CassieBaxter wetting mode state. On the other hand, the droplet with higher impinging velocity, after
being exposed to the surface, shows some adherence to the substrate which doesn’t let the
droplet bounce completely off from the surface. In this state, as can be seen, the droplet shows a
lower contact angle which corresponds to the Wenzel state wetting mode. They tried to find a
relationship between the critical impinging velocities as a function of the pitch size. As can be
seen, surfaces with smaller pitch sizes have a higher critical impinging velocity which means
they have much more resistance against the transition from Cassie-Baxter to Wenzel wetting
mode state. This tendency is exponentially decreased with increasing the surface pitch size.

Figure 1.10

Measured critical velocity as a function of geometric parameters.
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1.6

Computer Simulation of Water Molecules
In addition to the several complicated experimental techniques to study the physical

properties and dynamical behavior of liquid water and ice, numerous theoretical and simulation
methods and approaches have been extended to describe the properties of liquid water. In this
regard, it can be mentioned that computer simulation is an undeniable strong research tool to
study the microscopic properties of chemical components like water molecules. From simulated
trajectories, one can measure several physical properties which can be directly compared with
suitable relevant experiment. Accordingly, the method of computer simulation works as a bridge
between available models and theoretical predictions as well as the models and published
experimental results.
Researchers applied the computational methods to provide comprehensive detail of the
microscopic properties of liquid water. Molecular Dynamics (MD) Simulation is a strong and
powerful computation tool to not only study the physical properties of water molecules at
different thermodynamic condition, but it is also a potent parallel programming computation
package to study the mechanical properties and chemical processes of a wide range of materials,
like as how ice crystallization happens from supercooled liquid water or the study of the
behavior of ice failure from substrates. MD simulation governs by some interaction potentials
that define the intermolecular forces between atoms of one or more chemical components. Over
the last three decades, different potential models (or force fields) were used to reproduce the
physical properties of water such as density, radial distribution functions, g(r), diffusion
coefficient, etc. by using the available modern computer simulation techniques33–35 In a pioneer
research study, Rahman and Stillinger36 conducted molecular dynamics simulations of liquid
water and provided that the liquid water consists of a large number of highly-strained hydrogen
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network. As they reported, diffusion in the liquid water is due to the collective interaction of the
neighboring molecules. Since the results from the computer simulation are extensively governed
by the existing force field models, thus the properties of water molecules highly depend upon the
applied water model too. In chapter two, a brief description of atomistic water models existed for
modeling the water molecules of ice structure is provided.
1.6.1

Molecular Dynamics Simulation
There is a range of techniques of a quasi-experimental character, referred to collectively

as computer simulation, the importance of which in the development of liquid state theory can
hardly be overstated. Simulation delivers what is essentially exact results for a given potential
model. There are two classical simulation approaches available named as the Monte Carlo
method and the method of Molecular Dynamics. There are many variants of each, but in the
broad term, a Monte Carlo calculation is designed to generate static configurations of the system
of interest, while molecular dynamics involves the solution of the classical Newton’s equations
of motion for a particulate system. In the application to ab initio field, for instance, first-principle
quantum Monte Carlo and diffusion quantum Monte Carlo are highly accurate in computing
electronic energies for geometries optimized with different approaches (e.g. quantum chemical
approach, DFT)37. However, the application for liquid water is too expensive to perform.
Molecular dynamics, on the other hand, has the advantage of allowing the study of timedependent processes. It is based on forces (thus they collectively move all the atoms and
molecules) which is not what is done in simple MC methods. Molecular dynamics simulations
have increased in complexity from simple pairwise interaction potentials to fully quantum
mechanical descriptions. In particular, the efficient AIMD (Ab Initio Molecular Dynamics)
methodology has enabled simulations of liquid water entirely from the first principles38.
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Combined with a significant increase in available computing power, it has pushed the
computational simulation of water to an exciting stage. In this light, it is of great importance to
understand the accuracy and predictive power of AIMD simulation. It can be said that Molecular
Dynamics (MD) is a powerful computational tool to simulate classical many-body systems39.
To simulate a specific material, one needs a realistic model of its potential energy. There
are principally two directions in approaching the interactions of the systems. The first is to build
a potential utilizing model functions based mostly upon physical intuition. The parameters are
chosen such that the results from the model match either experiment or the results of accurate
quantum chemical calculations. These model potentials are known as force fields"40. However,
the basic difficulty lies in the case that transferability is limited in force fields approach. Force
fields are typically unable to treat bond breaking and forming events, which are essential to
describe chemical reactions.

1.7

Failure
In this section, I will explain some basics in the theory of fracture which will be needed

to provide explanations about my results on the fracture behavior of ice from varieties of
nanostructured substrates. Naturally, ice is an anisotropic material41, which means its physical
properties mostly depends on its structural orientation. So, it can be expected that the ice
structure shows different physical properties, like a failure mechanism, along different planes or
surfaces. Generally, fracture of solid materials is a mechanical property that mostly has been
studied by various research groups. In follow, some fundamentals for studying the fracture
behavior of materials are provided.
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1.7.1

Stress and strain
The strain is equal to the change of length in one dimension of a material to its initial

length size. It defines the materials that undergo elongation or compaction process along one
dimension. It describes as;

ϵ =

𝐿 − 𝐿0
𝐿0

(1.2)

In that expression, 𝐿0 is the material initial length size and 𝐿 is the length of material that
experiences elongation (or fracture) or compaction. In general, stress equal to the magnitude of
(interaction or applied) force divided by the contact or exposed area. If the applied force is
perpendicular to the surface, it calls as the ‘normal stress’ and if the acting force is parallel to the
surface plane, it names as ‘shear stress’. It can be written as:

σ =

𝐴𝑐𝑡𝑖𝑛𝑔 𝐹𝑜𝑟𝑐𝑒
𝐸𝑥𝑝𝑜𝑠𝑒𝑑 𝐴𝑟𝑒𝑎

(1.3)

Stresses are defined with two indexes as σ𝑖𝑗 , in which the first index, i, points to the plane
that force acts, and the second index, j, shows the direction of acting force.
1.7.2

Ductile and Brittle Materials
Generally, brittleness and ductility of solid materials are their natural properties, which

means, intrinsically materials show different failure mechanisms because of the exerted stress on
them. It can also be said that, when a specific type of material approaches to its physical strength
limitless, it has an opportunity of deformation or fracture along a plane. Brittle materials, show
little or even no plastic deformation before failure, like some polymer materials (Wikipedia);
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while ductile materials can show plastic deformation. Figure 1.11 shows the behavior of stress
versus strain for brittle and ductile materials. As the figure shows, brittle materials show elastic
and ductile materials show the plastic deformation behavior under applied stress and the area
under the curve of ductile materials corresponds to the amount of energy that the material
absorbs.

Figure 1.11

1.8

Stress vs. Strain behaviors for materials42

Research outlines
The main goal and objective of my research are to investigate the fracture strength

including normal and shear failure stresses of ice from nanostructured graphene surfaces at the
atomistic scale using all-atom Molecular Dynamics Simulations. The process of impact icing on
textured substrates can be generally divided into two stages including dynamic wetting of a
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supercooled liquid water droplet and crystallization of the liquid water into ice crystals under the
graphene confinement. Studying the two processes simultaneously will directly contribute to my
understanding of the adhesion and shear failure stress of ice on various types of structured
graphite substrates. Motivated by this, I conducted molecular dynamics simulations to determine
the contribution of each phenomenon to my understanding of the major physical parameters that
dominate the fracture dynamics of ice at the atomistic scale which is somehow missing in the
current researches.
Chapter 2 describes the measurement of ice fracture strength from atomistically smooth
and nanotextured graphite substrates indicating different surface texture sizes of 1.0nm, 2.0nm,
3.0nm, 4.0nm, and 5.0nm. For this, I conducted tensile and shear simulations for ice Ih. Results
of tensile simulations on graphite substrates demonstrate ice-substrate interfacial energy, surface
nano-texture size, ice temperature, the extent of depth of penetrated water, and order of
interlocked water molecules have the major contributions in measuring normal and shear failure
stress of ice on the flat and nanostructured graphite substrate. Results of tensile strength
measurement of ice on textured graphite substrate demonstrate substrate indicating higher nano
texture sizes would not necessarily indicate lower ice detaching stress; in these systems, the
order of the interlocked water molecules influences the normal failure stress of ice on textured
substrates on the graphite substrate with nano texture sizes larger than 4.0nm.
Chapter 3 comprises the static and dynamic wetting behavior of impinged supercooled
liquid water on structural graphite substrates indicating various surface nano texture sizes of
2.0nm and 4.7nm. In this study, the effect of a water droplet impinging velocity and temperature
as well as the surface texture sizes on the dynamic wetting of supercooled water droplets is
examined. Through calibrating the interfacial energy between the impact water droplet and
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stationary graphene sheets, I modeled graphene sheets as the hydrophobic and hydrophilic
surfaces in my study. Results show a maximum penetration profile for supercooled water droplet
obtained on graphite substrate indicating higher surface texture sizes, while the time required
droplet to retreat from surface texture significantly depends on the droplet temperature instead of
surface nano-texture size.
Chapter 4 is devoted to investigating the crystallization simulations of ice formation from
supercooled liquid water and measure the rate of water crystallization in bulk and under
graphene wall nano-confinement with different confinement sizes. the rate of water
crystallization is found to be the highest in the bulk state where there is no confinement. On the
contrary, confinement results in a decreasing rate of water crystallization in which confinement
sizes larger than 20.0nm recover the rate of crystallization in the bulk state. To examine the
effect of crystallization latent heat released at the ice-water interface, different crystallization
dynamics are applied in which the total energy of water molecules during crystallization is kept
constant through applying the NVE ensemble. In these simulations, the heat released at the icewater interface is dissipated through the conductive heat transfer with confining graphene sheets.
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CHAPTER II
INVESTIGATION OF TENSILE AND SHEAR FAILURE STRESSES OF ICE FROM FLAT
AND NANOTEXTURED GRAPHITE SUBSTRATES
2.1

Introduction
Excessive ice accumulation results in the crashing of airplanes due to increasing the drag

force exerted on aircrafts43. This natural phenomenon causes intensive damage to infrastructures
including buildings, transmission lines, bridges, off-shore oil instruments which eventually leads
to economic disadvantages44–46. Up to now, great research attempts have been devoted to
recognizing the mechanism of icing which helps to extend impressive anti-icing method1,47,48.
One of the most widely used methods is classified as active anti-icing methods, which are based
on the mechanical removal of the ice layer, surface chemical modifications, and heating
treatments, specifically in aircraft industries. These traditional methods are not only costineffective and environmentally unfriendly but incapable of surface protection from ice-build-up
for a longer duration of exposure49–51. Thus, the difficulty of de-icing has inspired fundamental
anti-icing research studies by focusing on recognizing the basics of ice adhesion52,53 to
determine the major interactions responsible for ice adhesion strength.
Several recent research studies have been devoted to relating ice adhesion to the
wettability of the surface substrate54,55. This resulted in the effort of applying a hydrophobic
surface coating for anti-icing applications3,56–58. Consisting of one-atom-thick sheets of linked
carbon atoms in the hexagonal lattice structure, graphene layers are highly thermally and
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electrically conductive which makes the airplane wings resistant to ice buildup59. Also, it has
been newly demonstrated that a thin ( ~nm) disordered layer of interfacial water molecules
between coated surface and ice in experiments gives rise to an increase in the de-icing
performance of surface through decreasing ice adhesion strength60–62. However, access to the
nanoscale mechanics through experimental measurements is limited by their temporal and spatial
resolutions. With the aid of MD simulation, the ice adhesion mechanics on nanostructured
surfaces is understandable at the molecular level. Generally, the fundamentals of ice adhesion on
various types of substrates are still limited and subjected to heated discussions.
Here, in this chapter, I describe the straightforward computational modeling and
molecular dynamics simulations proof of ice adhesion on atomistically smooth and nanotextured
graphite surfaces. The main objective of this study is to provide an atomistic-level understanding
of the ice adhesion mechanism on graphite substrates using an atomistic model of water. In this
study, I initially construct a nano-sized ice cube model on a variety of graphite substrates. I, then
equilibrate my models by relaxing the interfacial ice layer on different substrates to obtain an
established ice cube adhesion state. Finally, I implement normal and shear forces onto ice cubes
to investigate normal and shear failure stresses of ice from nanostructured graphite substrates.
The findings of this study bring us a step forward molecular-level knowledge to identify the
relevant physical parameters that dominate the ice-substrate adhesion and shear failure strengths.
2.2
2.2.1

Model and Methods
Simulation setup
In this study to model the water molecules, I choose the TIP4P/ice atomistic water model

by using the interaction parameters from the study by Abascal et al63. Considering the other
broadly used all-atom water models, such as TIP4P/200564, TIP4P65, TIP3P34, SPC34, SPC/E65,
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this water model accurately reproduces ice and water physical properties at low temperatures. It
has a higher transition temperature of 269.8 ±0.1 K66, which is favorably comparable to the
experimental value of 273.15 K, and thus it is appropriate for examining the normal and shearing
failure stresses of ice from different nanostructured substrates. In another word, the TIP4P/ice
atomistic water model reproduces the transition temperature of water more closely to the
experimental value at the lower temperature, compared to the other available water models.
Parameters of the TIP4P/ice force field employed in this study are listed in Table 2.1, in which
dOM is the distance between the oxygen and the massless charged point in the water model, and
qH is the electron charge carried by each hydrogen atom. In this study, I select to model a
hexagonal ice structure, called ice Ih. It has the hexagonal crystal form of frozen water. The
initial coordinates for the oxygen and hydrogen atoms of the ice structure were taken from
Matsumoto et. al67study, corresponding to the proton disordered phase of ice (ice Ih). The ice
cube has a prismatic face {101̅0} containing 8640 number of water molecules with a surface
area of A = 6.6 × 9.1 nm2 and a thickness of 4.7 nm perpendicular to the primary prismatic plane
of ice. This face is used to adhere to different smooth and textured graphite substrates.
Table 2.1
Water model

TIP4P/ice

Parameters of the potential atomistic water63
𝜺𝒐−𝒐[kcal mol-1]

𝝈𝑶−𝑶 [Å]

qH (e)

dOM [Å]

0.21084

3.1668

0.5897

0.1577

I choose atomistically smooth and textured graphite blocks made of several zigzag edge
graphene sheets as the substrates. Each graphene sheet consists of an electronically neutral
hexagonal arrangement of carbon atoms that are bonded to their closest neighbors at the
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equilibrium bond length of 0.142 nm68. To model the simulation setup, I placed the prismatic
face {101̅0} of ice at a distance of 1.0nm from different substrates. Graphite substrates have a
surface area equal to the prismatic plane of ice block along the lateral dimensions (i.e. ‘y’, ‘z’)
with a thickness of 5.0 nm.
Flat graphite substrates are introduced by different two orientations of graphene sheets in
this study. They are oriented in parallel (PA) and perpendicular (PE) to the ice-substrate contact
area. PE and PA graphite substrates consist of 27 and 16 graphene layers respectively with an
inter-sheet distance of 0.335 nm24,68–70. Figure 2.1(a-b) shows a molecular illustration of an ice
cube on different PE and PA graphite substrates.
Textured graphite substrates consist of two graphite blocks consist of PE graphene sheets,
separated by various distances of 1nm, 2nm, 3nm, 4nm, and 5nm in my modeled system setups.
Figure 2.1(c-d) illustrates an atomistic representation of my modeled systems consisting of an ice
cube on textured graphite substrates. Depending on the type of flat and textured substrates,
modeled system setups consist of roughly 42 000 to 64 000 number of water molecules and
carbon atoms.
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Figure 2.1

2.2.2

Atomistic illustration of modeled systems and simulation setups consist of a basal
face of pre-equilibrated ice Ih in a distance of 1.0nm on different flat graphite
substrates contain (a) perpendicular-PE and (b) parallel- PA graphene sheets, and
texture graphite substrates with nana texture size of (c) d=1.0nm and (d) d=5.0nm.

Simulation details
In this section, I explain the methodology I used in Molecular Dynamics (MD) simulation

to perform tensile and shear simulations of ice on various types of graphite substrates. Since the
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delamination of ice from the substrate is a summation of tensile and shear modes, it is important
to perform normal and shear simulations on ice cubes. To measure normal and shear failure
stresses of ice, I performed two different subsequent simulations. Initially, I equilibrate the icesubstrate systems, then performed non-equilibrium tensile and shear MD simulations on
equilibrated samples. All simulations are performed using the open-source MD code,
LAMMPS71 simulation package. In my modeled systems shown in Figure 2.1, I increase the size
of simulation box size along with the ice-substrate interface by introducing a vacuum equal to
the cutoff distance for the nonbonded interactions (1.0nm) to decrease unrealistic interactions
between mirror images at any times during the simulation68–70. Thus, the simulation box was of
size 12.0 × 6.6 × 9.1 nm3.
The long-range electrostatic interactions for the ice/water molecules are calculated using
the particle-particle particle-mesh (PPPM) method and water molecules are treated as rigid
bodies by constraining the bond length 72 and bond angles using SHAKE algorithm73. Graphene
sheets are constrained at their atomistic lattice positions by neglecting the degrees of freedom of
carbon atoms and they do not interact with each other during the simulations. Similar
assumptions were also taken into consideration in the previous ice fracture68,69,74,75 and dynamic
nano wetting studies24,70,76 using atomistic MD simulations. Simulations are all conducted under
NVT constraint at varied four temperatures of 220.0K, 235.0K, 250.0K, and 265.0K for flat and
250.0K for textured graphite substrates using Nośe–Hoover thermostat77,78 to maintain the ice
cube at the targeted temperature. Periodic boundary conditions are applied in all directions that
induce “bulk-like” behavior for the ice-substrate interface. This marks one difference in this
study with the other previous works74,75,79,80. Though in other studies, there are three-phase
interfaces that may interfere in ice tensile and shear stress measurements. As compared to the
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experiments where there is no ice-vacuum-substrate interface, my simulation setup models
resemble the models present in experiments.
In these simulations, there are only atomistic interactions between oxygen atoms of water
molecules and carbon atoms of graphene sheets which are modeled using the van der Waals
interactions, i.e., the Lennard-Jones (LJ) potential80. Note that there are varied LJ potential
interaction parameters between oxygen and carbon atoms available in the published literature.
Comparing to my previous work69, I choose two different water-carbon atomistic interaction
parameters in this study. Specifically, for the flat graphite substrates characteristic length and
energy for the LJ potential between oxygen and carbon atoms are co = 3.19Å and co = 0.4736
kJ/mol, which reproduce the observed experimental contact angle of the water droplet on a clean
graphene surface81,82. For the textured graphite substrates, LJ parameters of co = 3.126Å and co
= 0.6887 kJ/mol83 are chosen. This results in decreasing the water contact angle and thus, a
higher depth of penetration profile for the water molecules is obtained.
2.2.2.1

Equilibrium interfacial equilibration simulation
To equilibrate the modeled simulation setups, I initially place the ice cube onto the

nearest possible distance with different flat and textured graphite substrates where there is no
atomic overlap between water molecules of ice structure and carbon atoms of graphene sheets.
This is performed through the energy minimization process. To equilibrate the ice-graphene
interface, I then performed seeding69,84–87 simulations in which water molecules located within a
distance of lm = 1.5 nm from flat and textured graphite substrates are initially melted into the
liquid state at a raised temperature of 350K followed by damping the ice temperature to the
equilibrium temperature of interest. During the NVT equilibration simulations, solid ice crystals
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available at the ice-water interface act as the nucleation sites for the water molecules available in
the liquid state and induce water crystallization from supercooled liquid water88. The simulation
timestep is 1.0fs. For the ice cube on textured graphite substrates, different thicknesses of
interfacial ice layers are melted into liquid water that enables to investigate the effect of depth of
water penetration on the ice fracture strength measurements.
To monitor the time evolution of water crystallization in the interfacial ice-substrate
region, I calculated the Steinhardt order parameter89,90 for all the water molecules of ice structure
according to the equations (2.1) and (2.2). This helps to label water molecules as being solid or
liquid-like particles during the ice-substrate equilibration simulations.

𝑙

4𝜋
2
𝑞𝑙 (𝑖) = √
∑ (𝑞𝑙𝑚 (𝑖))
2𝑙 + 1

(2.1)

𝑚=−𝑙

𝑞𝑙𝑚 (𝑖) =

1
𝑁𝑏 (𝑖)

(𝑖)

𝑏
∑𝑁
𝑗=1 𝑌𝑙𝑚 (𝑟𝑖𝑗 )

(2.2)

In these equations, Nb (i) is the number of nearest neighbors of particle i, l is a free
integer parameter, Ylm is the spherical harmonics function and rij is the vector from particle i to
particle j. In order parameter calculation, q4 and q6 are often used as they are a good choice to
distinguish between cubic and hexagonal solid structures91,92. Figure 2.2 shows the calculation
of the q4 and q6 values for the 8640 numbers of water molecules in the liquid state (red points)
and solid ice Ih structure (blue points) at 1 bar and 250K. Comparing to q4 values, from Figure
2.2 it is obvious q6 alone is a better parameter to differentiate between solid-like and liquid-like
water molecules90. To distinguish between liquid water and solid ice structure, I then labeled
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water molecules by setting a threshold value of q6 = 0.3785, indicated by a horizontal dashed line
in Figure 2.2.
To examine ice-substrate interfacial equilibration, I monitor the magnitudes of q6 values
during equilibration simulations. This represents the time evolution of the number of water
molecules in the solid-state (Ns) which is used as the indicator of the extent of interfacial
equilibration. Figure 2.3 shows changes in the number of water molecules in solid-state (Ns) as a
function of simulation time (t) for the flat and textured graphite substrates at the different
equilibrium system temperatures.

Figure 2.2

Values of q6 and q4 for 8640 water molecules of the liquid water (red points), and
ice Ih (blue points) at 250K and 1 bar for the TIP4P/ice water model.
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Figure 2.3

Number of water molecules in solid-state (Ns) as a function of simulation time for
the ice blocks on flat graphite substrates at different temperatures of (a) 220K, (b)
235K, (c) 250.0K and (d) 265.0K, and (e-f) textured graphite substrates with
texture sizes of (e) 1nm, 2nm and (f) 3nm, 4nm and 5nm at 250.0K.

The evolution of the number of water molecules in the solid-state (Ns) indicates an initial
sharp drop in the number of water molecules in solid-state for the ice cubes on different flat and
textured graphite substrates. This is due to the ice-vacuum and ice-water interfaces available in
our setup systems during NVT equilibration simulations. Following that, a significant increase in
the number of water molecules in solid-state is observed during which water crystallization from
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supercooled liquid water happens. Eventually, a plateau behavior of the number of Ns values is
developed during the simulation time representing equilibration of ice-substrate in all modeled
system setups.
Table 2.2 shows all equilibrated simulation setups containing ice blocks on various flat
and textured graphite substrates obtained during equilibration simulations. In simulation setups
of the ice cubes on textured graphite substrates, I generated different simulation setups in which
those systems indicated varying penetration depth (PD). In these systems, the depth of water
penetration is measured by monitoring the minimum coordinates of oxygen atoms of penetrated
water molecules perpendicular to the ice-substrate contact area.

Table 2.2

Different setup systems are obtained during interfacial ice-graphite equilibration
simulations. Systems with different PDs are obtained where “d” is not zero.
surface texture
size (d) nm
0 (PA)
0 (PE)
1.0
2.0
3.0
4.0
5.0

Penetration Depth (nm)
0 (no water penetration)
0 (no water penetration)
1.6
0.8, 0.9, 1.1, 2.2, 2.3, 2.9
1.4, 1.6, 2.8
0.5, 1.4, 3.1
1.1, 2.3, 2.7

Figure 2.4 illustrates the molecular representation of the systems of ice cubes on flat and
textured graphite substrates with texture sizes of 2nm and 5nm. Contrary to the graphite substrate
with d=2nm, ice cubes on a textured substrate with d=5nm shown in Fig. 2.4 (d), represents the
crystallization of water molecules into ice crystals under graphene nano confinements. It
represents the enhanced order of confined water molecules between graphene sheets with the
confinement size of 5nm compared with the texture size of 2nm. This helps to not only examine
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the effect of surface nano-texture size but also the effect of the physical state of interlocked water
molecules on the fracture strength measurements of ice from textured graphite substrates is
examined.

Figure 2.4

Exemplified molecular snapshots for the ice blocks on flat (a) PE (b) PA and
textured graphite substrates with texture size of (c) 2nm and (d) 5nm indicating
PD=2.9nm and PD=2.7nm respectively, obtained during ice-substrate system
equilibration simulations.
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2.2.2.2

Non-equilibrium tensile and shear simulations
To investigate the fracture strength of ice cube on different flat and textured graphite

substrates, I perform non-equilibrium tensile and shear simulations by applying normal and shear
forces on the water molecules located within 1.5nm of the vacuum interface. The magnitude of
the applied force starts at zero and increased at a constant rate of 5.2556 × 10−9 (nN) per MD
time step. During simulations, the interaction forces between the oxygen atoms (of the water
molecules) and the carbon atoms (of the graphene sheets) are measured as the function of the
applied force. The applied and interfacial forces (the x-component) are then converted into the
applied and interfacial stresses through division by the ice-substrate contact area. In these
simulations, just oxygen atoms of water molecules and carbon atoms of graphene sheets interact
with each other. Simulations are all conducted under the NVT ensemble and PBC is applied in
all directions of the simulation box with a timestep of 0.002ps. The trajectories, velocities, and
forces corresponding to all the atoms in the system were saved every 1000 steps (2.0ps) in all
simulations. Figure 2.5 illustrates a schematic of the method I used to perform force-probe MD
simulations of pulling and shearing of ice cubes on the graphite substrate.

Figure 2.5

Schematic of force-probe MD simulation of performing tensile and shear
simulations in this study
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Figure 2.6 illustrates the interacting force profile between oxygen atoms of water
molecules and carbon atoms of graphene sheets as a function of simulation time for the ice cube
on the PE substrate obtained during the tensile simulation. It indicates that once pulling force is
applied on the ice cube, the substrate responds with an attractive force applied on the ice cube. I
monitored these attractive forces by collecting the force that the ice cube imposes on the graphite
substrates. Force profile shows an initial increase in magnitudes of attracting forces between
water molecules and carbon atoms followed by a sharp drop in force magnitude measurements.
This abrupt decrease in interacting forces reflects the initiation of the detachment of ice cube
from the graphite substrate. In this force profile, once the attractive force magnitude approaches
zero it reflects the complete detachment of ice cube from the graphite substrate.

Figure 2.6

Interacting adhesion normal force between the ice cube and the PE substrate at
250.0K during the tensile simulation. The red line illustrates the applied normal
force on ice cube which is increased linearly by simulation time.
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To characterize the strain rate that each ice cube experiences during fracture simulations,
I performed an affine analysis, in which the coordinates of oxygen atoms of water molecules are
monitored during tensile simulations. Figure 7 represents the expansion ratio of ice cubes as a
function of simulation time obtained during tensile simulations of ice cubes on PA and PE
graphite substrates at different system temperatures. Results demonstrate a strain rate of 0.02 s-1
for ice cubes experience tensile deformation that equivalent to the slope obtained through linear
regression of the calculated data shown in figure 2.7.
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Figure 2.7

Expansion ratio of ice block vs. simulation time for PA and PE graphite substrate
at 235K, 250K, and 265K. In these plots, slope magnitudes reflect the strain rate of
ice block experienced during tensile simulations.
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2.3

Results and Discussions

2.3.1

Ice under tensile deformation

2.3.1.1

Flat graphite substrate

2.3.1.1.1

Ice normal failure stress measurement

To characterize the detaching dynamic of the ice cube on various PA and PE graphite
substrates, I perform tensile simulations. Figure 2.8 shows interacting force measurement
between oxygen atoms of water molecules and the carbon atoms of graphene sheets as a function
of displacement that ice cubes experienced during tensile simulations on PE and PA graphite
substrates. It indicates that interacting forces at ice cube displacement of ~1.5 Å approach to
maximum value followed by demonstrating a declining behavior to zero interacting forces where
ice cubes are completely detached from graphite substrates. These force profiles are a direct
reflection of Van der Waals’s interaction potential (i.e. Lennard Jones potential) between water
molecules and carbon atoms of graphite substrates.
Moreover, force profiles declare that the temperature of ice cubes and the structure of
graphene sheets of graphite substrate affect the maximum interacting force during the tensile
simulations. It essentially indicates a reduction in ice cube temperature gives rise in increasing
the maximum interacting force between oxygen and carbon atoms on both substrates, being
higher for ice cubes on PA compared to PE graphite substrates. Increasing the ice temperature
results in enhancement of the motion of interfacial water molecules of ice cubes, thus brings
about a reduction in the magnitude of the force required to detach the ice from each graphite
substrate. This decline in the magnitude of the required force reflects the reduction in interaction
force between ice (oxygen atoms of water molecules) and (carbon atoms) of graphene sheets.
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Figure 2.8

Interaction forces between oxygen and carbon atoms as a function of ice
displacement monitored during tensile simulations on (a) PE and (b) PA graphite
substrates at different four temperatures of 220K, 235K, 250K, and 265K.

To investigate the normal failure stress of the ice cube from different substrates, ten
equilibrated simulation systems obtained during ice-substrate equilibration simulations are
chosen that separate by one nanosecond apart from each other from the same simulations. I then
applied a loading normal pulling force on the ice cube. The interacting forces between graphite
substrates and detaching ice cubes during the tensile simulations at varied four system
temperatures are finally monitored. Figure 2.9 shows ice detaching stress as a function of applied
pulling stress on ice cubes. When the normal pulling force is applied, graphite substrates
responded with an attractive force applied on the ice cubes resisting ice to detach from the
substrate. During the simulations, attractive forces are recorded by collecting the forces that the
ice cubes impose on various PA and PE graphite substrates.
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Figure 2.9

Ice adhesion/detaching strength versus pulling stress for ice slab on PA graphite
substrates at (a) 220.0K, (b) 235.0K, (c) 250.0K, (d) 265.0K and PE graphite
substrates at (e) 220.0, (f) 235.0K, (g) 250.0K and (h) 265.0K.
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I then normalize the attractive forces by the ice-substrate contact area and report values as
the ice normal failure stress in MPa. Results of ice adhesion stress at different temperatures
declare a sharp noticeable reduction in ice normal failure stress once the loading pulling force is
exceeded the magnitude of interacting force between ice and substrate.
In these plots, when detaching stress is approached to zero, the ice cube is completely
detached from substrates where there are no attraction forces between the ice cube and graphite
substrates. I make an average of ten maximum pulling stresses where detaching stresses
approached zero and report the averaged values as the ice adhesion strength in this study.

Figure 2.10

Snapshots from an atomistic representation of ice cubes during tensile simulations
when detaching stress approached to zero on (a) PE and (b) PA graphite substrates.

Figure 2.10 illustrates two exemplar snapshots of the detaching process of ice cubes from
PA and PE substrates when tensile simulations are completed. Comparing to the corner-initiated
ice detaching process observed in experiment93 and other simulations studies79,80, the ice
detachment in my study is happening by tearing the ice cubes completely from graphite
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substrates. Since the interfacial ice-substrate is ‘bulk-like’ in my simulation setup systems, this
prevents stress localization. In those previous studies, as there are ice-vacuum-substrate
interfaces, corners of the ice cubes claimed the highest pulling stress which results in ice
detaching from one of the sharp edges; while the interfacial PBC existed in my equilibrated
model systems preclude this.
2.3.1.1.2

Universal dependence of ice adhesion strength on interfacial energy

Figure 2.11(a) shows the normal failure stress of ice measured during tensile simulations
for ice cubes on PA and PE graphite substrates as a function of effective interfacial interaction
energy at various four temperatures of 220K, 235K, 250K, and 265K. Results indicate normal
failure stress of ice is linearly increased with decreasing the ice cubes temperature, which is
consistent with the former MD simulation studies80. It can be said that increasing the ice
temperature results in enhancing the mobility of interfacial water molecules of ice cubes on PA
and PE substrates and thus less amount of loading force is required to detach the ice from
substrates in which eventually results in decreasing the detaching normal failure stress of ice on
different substrates. Furthermore, it is found that the normal failure stress measured on PA is
about 1.5 times higher than that of the corresponding values on PE substrates. It is obvious that
PE graphite substrate causes a reduction in ice detaching stress by %( 35±3) in contrast with the
PA substrate. This difference comes from the distinction between greater interfacial energy
measured between water molecules of ice structure and carbon atoms of graphene sheets in PA
compared to PE substrates shown in Fig. 2.11 (b). Figure 2.12 represents the density of oxygen
atoms of water molecules and carbon atoms of graphene sheets perpendicular to the ice-substrate
interface, i.e. x-direction. It is obvious that the magnitude of the surface atom density of
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𝜌𝑂 × 𝜌𝐶 is greater for the PA compared with PE substrates. This results in higher interfacial
potential energy for the systems of ice cubes on PA substrates.

Figure 2.11

Averaged ice detaching stress values versus effective interaction energy, k is the
Boltzmann constant, T is ice slab temperature; (b) Normalized interfacial potential
energy to ice-substrate contact area versus inverse system temperature
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Figure 2.12

Density profiles of carbon atoms of each graphene sheet and oxygen atoms of
water molecules perpendicular to the ice-substrate interfaces. In these plots, “c”
and “o” stand for carbon and oxygen atoms.

Comparing to previous MD works on investigation of the adhesion strength of
ice69,74,80,80, my results remarkably indicate systems that demonstrate the same ice-substrate
contact area does not necessarily indicate the similar ice detaching or normal failure strength.
This highlights the significance of interfacial energy and surface nano-texture structure in
determining the ice detaching stress, which has not been explicitly addressed yet.
It must be noted, experimental data on anti-icing applications declare about ~ 1 MPa93,94
of ice detaching stress which is two orders of magnitude smaller compared to my results
obtained by the MD simulation works and the other molecular dynamics simulation
studies74,75,79,80. Xiao et. al74 have recently addressed this overvaluation to the magnitude of
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loading rate applied in MD simulations being higher than that of experimental studies and the
nanoscale size of the ice cubes. There are also other available issues of granular effects, at the
macroscopic level. Since ice is not uniform, there are some inhomogeneities available in the
internal structure of the ice cubes like voids and grain boundaries, in which these macroscale
properties can not be capture through performing MD simulations at the molecular level.

2.3.1.1.3

Microscopic insights during tensile deformation of ice

To examine the dynamics of ice deformation during tensile simulations, the structure of
the ice cube on PA and PE substrates obtained during system equilibration at different four
temperatures are initially characterized. I initially calculate the distribution of the q6 order
parameter perpendicular to the ice-substrate contract area, Q6 (x). This parameter determines the
“ordering” of the ice structure as a function of distance from the substrate. At a given thickness
of ice cube along the x-direction, the Q6 (x) has greater value if the structure is more crystal-like.
To distinguish between crystal-like and liquid-like structure within the ice cube, I set a threshold
value indicated by a dashed line in figure 2.13. The distributions of Q6 (x) indicate that except
for the vacuum and graphite substrate interfaces, the structure of water molecules is crystal-like
for ice cubes on different PA and PE substrates at various four temperatures. This domain of ice
cube is labeled as an “ice block” in those figures. Close to the graphite substrate as well as the
vacuum region, results declare a remarkable deterioration in structure ordering with a thickness
of ~10.0Å indicating a liquid-like disorder structure. This reflects the existence of a thin nanolayer of interfacial liquid-like water molecules on the substrate as it is also reported in
experiments95.
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Figure 2.13

Q6 (x), distribution of q6 order parameter along “x” direction for ice slabs on (a)
PE and (b) PA graphite substrates at different four temperatures of 220K, 235K,
250K, and 265K.

Having obtained information from the structure of the ice cube on PA and PE substrates,
I then investigate the deformation dynamics of ice failure during tensile simulations by
performing affine analysis in which the dislocation of oxygen atoms of water molecules along
the pulling force is monitored during the simulation time. In this analysis, I applied the affine
function of “𝐹(𝑥) = 𝐴(𝑥) + 𝐵 ” in which ‘x’ corresponds to the coordinates of oxygen atoms
at t=0ns when loading normal pulling force is zero. In this function, slope and intercept
magnitudes stand for strain ratio and translational motion of the ice block during tensile
simulations.
Figure 2.14 shows the expansion ratio of ice block as a function of the strain of ice cube
(the whole piece of ice structure) for PA and PE substrates at two temperatures of 250K and
265K. Results indicate the strain ratio of the ice cube is increased linearly with the strain
magnitude of ice cube followed by indicating a plateau behavior. Demonstrating slope values
lower than 1.0 on both systems at two temperatures express ‘non-affine’ deformation dynamics
of ice slabs obtained during tensile simulations. This highlights the existence of interfacial
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disorder water layer on each substrate which causes ice cubes to experience higher strain than the
ice cubes during the tensile simulation. Once the ice cubes started to detach from the substrate,
ice blocks experienced no significant expansion but continue detaching as solid rigid body
through demonstrating rather zero strain magnitudes while the ice cube continues straining
during detaching from each graphite substrates.

Figure 2.14

Expansion ratio of ice block versus strain of ice slab on PA and PE graphite
substrates at (a) 250K and (b) 265K.

Figure 2.15 shows the translation dynamics of ice cubes as a function of ice slabs displacement
along pulling direction during tensile simulations at two temperatures of 250K 265K for PA and
PE substrates. It indicates the ice cube is experiencing higher translational displacement
compared to the ice block during the tensile deformation before the ice cube is started to detach
from substrates. This reflects the existence of disordered interfacial water layer on PE and PA
graphite substrates that caused higher translation of ice cubes compared with ice block due to the
higher mobility of the interfacial layer existed on both substrates. When the ice cube is initiated
to detach, ice blocks demonstrate the same translation magnitudes with ice slab by indicating a
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slop of 1.0. Results altogether indicate the significance of the interfacial disordered layer on
determining the deformation dynamics.

Figure 2.15

2.3.1.2

Displacement of ice blocks versus ice slabs on PA and PE substrates at (a) 250K
and (b) 265K.

Textured graphite substrate

2.3.1.2.1

Statistic improvement of adhesion strength measurement

To examine ice adhesion strength on nanostructured graphite substrates with different
nano texture sizes, I similarly applied the similar developed simulation method I implemented on
flat PA and PE graphite substrates by applying normal pulling forces on several equilibrated
systems of ice-substrate systems indicating different surface texture sizes and depth of water
molecules profiles. Figure 2.16 (a) shows an exemplified representation of detaching strength
measurement of ice cube as a function of pulling stress exerted on the ice cubes for ten
equilibrated systems obtained during interfacial equilibration of ice on graphite substrate with
texture size of 2.0nm. Likewise, with what has been obtained on flat substrates, ice cubes
demonstrate a sudden sharp decrease in adhesion stress magnitudes once it starts detaching from
the textured graphite substrate. I defined the adhesion strength of ice for each equilibrated setup
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system as the maximum pulling stress in which the corresponding detaching stress approaches to
zero. To investigate the ice adhesion strength on textured graphite substrates, I improved the
statistic of adhesion stress measurement by conducting tensile simulations on an expanded set of
fifty different initial equilibrated samples that are generated one per nanosecond apart during the
equilibration stage. Figure 2.16 (b) shows the probability distribution of tensile strength
measurements for the system of equilibrated ice on graphite substrates with texture size of
d=2.0nm and bin size of 6.0MPa indicating penetration depth (PD) of 8A. The probability
distribution is then fitted to the Gaussian function represented by the red line in the plot from
which the average and standard deviation of the adhesion strength of ice can be determined.

Figure 2.16

(a) Example of a stress-strain curve from the tensile simulations of ten equilibrated
samples at d = 2.0 nm indicating penetration depth (PD) of 22A; (b) illustration of
the probability distribution of the maximum normal stress (where the detaching
stress for each equilibrated sample approaches to zero) required to detach the ice
from fifty equilibrated samples. The bin size used for distribution analysis is 6
MPa.

Figure 2.17 (a-d) exhibits the probability distribution of the tensile strength
measurements of ice cubes on graphite substrates with different texture sizes of 1.0nm, 3.0nm,
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4.0nm and 5.0nm obtained during conducting tensile simulations by considering fifty
equilibrated sample setups at 250.0K. Tensile strengths are then calculated as the maximum
loading normal pulling forces normalized by the ice-substrate contact area. In these plots, the bin
size of distribution is 6.0MPa. To obtain characteristic tensile strength in each system, I similarly
fitted the calculated probability distribution obtained at various texture sizes with the Gaussian
function from which the tensile strengths at different system setups are reported.

Figure 2.17

Illustration of the probability distribution of the maximum normal stress required
to detach ice cube from structured graphite substrates with various texture sizes of
“d” (a) 1.0nm, (b) 3.0nm, (c) 4.0nm, and (d) 5.0nm measured from fifty
equilibrated samples. The bin size used for distribution analysis is 6 MPa. In these
plots, PD stands for depth of water penetration.
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Figure 2.18 shows the normal failure stresses measured from MD simulations as the
function of surface texture size. The PA sample is reported as d=0 since it is “atomistically
smooth”, while the PE sample is reported as d=0.335nm which is the distance between two
neighboring graphene sheets in a single graphite block. Figure 2.18 illustrates that the orientation
of the graphene sheets has a strong effect on the normal failure stress of, with the PA sample
exhibiting about 50% higher stress than the PE sample. The higher normal stress of the PA
sample is a result of the greater surface atom density of a parallel-orientated graphene sheet. The
normal failure stress is seen to slightly decrease with larger separation distances between the two
graphite blocks, which can also be understood based on the reduced surface atom density.
Interestingly, a sharp increase in normal failure stress is observed as d>4nm. The origin of this
increase is still unclear, which may be caused by the structural change of the interfacial water
layer in these samples. It is postulated that with two graphite blocks being separated by larger
distances (larger d) can lead to enhanced ordering of water molecules near the water-substrate
interface.

Figure 2.18

Maximum normal stress for systems of equilibrated ice slabs on flat and textured
graphite substrates as a function of surface texture size.
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2.3.2

Ice under shear deformation

2.3.2.1

Flat graphite substrate

2.3.2.1.1

Ice shear strength measurement

To perform shear simulation for ice cubes placed on PA and PE substrates, shear forces
are loaded in the direction parallel to the ice-substrate interface (i.e. z-direction), to all water
molecules located within 1.5 nm distance from the ice-vacuum interface. The magnitude of the
shear force is equal to the loading pulling normal force starting at zero and increases linearly per
MD time step during the simulation time. I implemented the simulation protocol I employed in
the tensile simulations by selecting a range of equilibrated structures obtained during systems
equilibration. Considering the same number of atoms of water molecules located within 15Å of
the vacuum interface, all equilibrated samples experienced equal forces during the shear
simulations. I perform ten independent shear simulations for ice cubes on PA and PE substrates
at various four temperatures of 220K, 235K, 250K, and 265K. There is no difference in
interfacial energy (εCO) in all equilibrated systems.
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Figure 2.19

Representation of ice shearing distance versus simulation time for PE at (a) 220K,
(b) 250K, and PA graphite substrates at (c) 220K and (d) 250K.

Exemplified shearing profiles of ice slab on PE and PA substrates during the simulation
time is illustrated in figure 2.19. It shows ice cubes on each equilibrated system at different
equilibrating temperatures demonstrating an acceleration at a specific simulation time. I define
this as the criteria that ice indicating shear on different substrates. Interestingly, the result
represents shearing time is influenced by the temperature of the ice and the type of substrates of
which lower system equilibrating temperature and graphite substrate contain perpendicular
graphene sheets demonstrating higher shearing time. This reflects those systems require much
more shearing force for being sheared on each substrate.
To examine the shear strength of ice on different graphite substrates, I record the shearing
forces loaded on ice cubes in different equilibrated structures during the simulation time. As
shown in figure 2.20, ice cubes illustrate about ~3.5 Å of displacement before indicating to shear
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on different substrates. This corresponds to the characteristic equilibrium distance in the Lennard
Jones atomistic interaction potential between carbon atoms of graphite substrates and oxygen
atoms of water molecules where the interacting force started to decrease. Results also show ice
cubes indicate lower shear stress on each substrate at higher system equilibrating temperature.
This reflects the effect of temperature on the mobility of water molecules located in the
interfacial ice-substrate regions. As it is found in investigating the adhesion strength from my
tensile simulations, increasing the ice temperature causes the enhancement of thermal velocity
and thus, thermal motion of water molecules that results in decreasing the ice shear failure stress.
Shear stress of ice on PE substrates shows a jagged profile compared with PA substrates. I
address this to the much higher shear strength of ice on PE compared to the PA substrates, as is
also shown in the previous study74.
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Figure 2.20

Shear stress profiles in two substrate systems of PE at (a) 220K, (b) 235K, (c)
250K, and (d) 265K and PA at (e) 220K, (f) 235K, (g) 250K, and (h) 265K
considering ten equilibrated structures on each simulation systems with legends
indicating the time of which equilibrated structure was chosen.
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Figure 2.21(a) illustrates an examplar of shear profile in terms of shear stress as a
function of shear distance for an equilibrated ice cube on PE substrate and the mathematical
representation of how shear failure stress magnitudes are calculated in my study. In this plot,
shear distance is defined as the change in center of mass (COM) of water molecules calculated
during shear simulations. Since it represents, I fitted the obtained data from each individual shear
simulations using the linear function as it is shown and report the intersection of two linear fitted
lines as the characteristic of shear failure stress. Figure 2.21(b) shows shear failure stress of ice
cubes on PA and PE substrates obtained from ten independent shear simulations at various four
temperatures. It is found that however, the interfacial energy is the same in all equilibrated
simulation systems, but ice demonstrating much higher shear failure stress on PE at different
four temperatures compared with PA substrates, which is reasonable given the mitigation
behavior of ice cubes during the shear simulations shown in Fig. 2.19. It is noticeable that the
average shear stress observed in the PE systems is about five times higher than that of the
measured values in PA systems. Although the two graphite substrates are atomistically smooth
with lack of any atomistic deficiency, the fairly larger lattice size between graphene sheets
(0.335 nm) in PE substrates compared to the atomic lattice size of the single graphene sheet
(0.142 nm) in PA substrate results in the ragged surface substrate for shearing the ice. To clarify
the contribution of the effect of surface nanotexture in determining such a remarkable difference
in shear stress, I perform extra shear simulations for ice cubes on PA and PE substrate along the
y-direction of the simulation box, where PA and PE substrates demonstrate comparatively
similar atomistic lattice structures (Fig 2.22(a-b)). Figure 2.22(c) depicts an exemplified shear
stress profile of ice cubes on PA and PE substrates at 250K along y and z-directions of the
simulation box. This result indicates ice shear failure stress strongly depends on the texture of the
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substrates along the direction ice is sheared. It shows however ice demonstrates much higher
shear stress along z shearing direction, but it expresses fairly the same shear stress along the ydirection where both PA and PE substrates indicate similar surface texture structure. I conclude
that besides the ice cube temperature, surface texture structure is a major physical parameter
which has a determinant role in determining the ice shear strength in my study.

Figure 2.21

(a) Exemplified of the shearing profile of ice on the flat substrate with the
mathematical representation of ice shear strength measurement; (b) Bar
representation of shear strength measurement for ice slab on PA and PE graphite
substrates at varied four temperatures of 220.0K, 235.0K, 250.0K, and 265.0K.
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Figure 2.22

2.3.2.1.2

(a-b) molecular illustrations of equilibrated systems of ice slab on PE and PA
graphite substrate from XY plane; (c) Shear strength measurement of ice on PA
and PE substrates along y and z directions.

Ice shearing dynamics

To investigate the shearing dynamics of ice cubes on various graphite substrates, an indepth analysis of shearing displacement within the thickness of the ice cube is conducted. I
divide ice cubes into several bins sized along x-direction perpendicular to the direction of exerted
shear force and calculate the average displacement of all water molecules included in each bin. It
shows that the distribution of displacement within the ice thickness depends on the shear stress
of ice on each substrate. The result further indicates different layers of the ice cube on the PE
substrate displays different average shear displacement being higher for the water molecules
close to the region of applied force. However, shear displacement analysis for ice cubes on PA
substrates indicates a rather similar displacement of each layer during the shear simulation.
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Figure 2.23

2.3.2.2

Displacement profiles of ice on (a-b) PE and (c-d) PA graphite substrates.

Textured graphite substrate

2.3.2.2.1

Ice shear strength measurement

To investigate the characteristic shear strength of ice cubes on textured graphite substrate
substrates, I, similar to flat substrates, perform shear simulations through applying shear forces
on the same number of water molecules located in 1.5nm from ice-vacuum interfaces obtained
during interfacial equilibration simulations. Shear forces are parallel to ice-substrate interfaces,
i.e., z-direction started at zero and increased linearly during simulation time by 5.2556 × 10−9
(nN) per MD timestep. Figure 2.24(a) illustrates a shearing profile of ten equilibrated ice slab on
the graphite substrate with a texture size of 2.0nm with 0.8nm thickness of interlocked water
molecules. It shows ice cubes start to indicate an increase in the shearing distance once it
overcomes the corresponding shear strength. To measure the shear strength of ice on each
textured graphite substrate, I fitted the obtain data from the stress-strain curve using linear fitting
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functions and report the characteristic shear strength magnitude as the intersection of two fitted
linear lines.
To improve the statistics of shear failure stress measurements in my study, I conduct
shear simulations on fifty equilibrated simulation setups being apart by 1.0ns from each other.
Like in tensile simulations, I then obtain the distribution probability of shear strength magnitudes
with the same bin size of 6.0MPa. Obtained distributions are then fitted into curves using the
Gaussian fitting functions, represented by “red lines” in figure 2.24 (b-d). Probability distribution
curves are the exemplified representations of shear strength magnitudes of ice slab on graphite
substrates with texture size of 2.0nm, 3.0nm, and 5.0nm.

Figure 2.24

(a) Stress-strain plot obtained from conducting shear simulations on ten
equilibrated setup systems on the surface with a texture size of 2.0nm. Probability
distribution of shear strength measurements on the substrate with texture size of
(b) 2.0nm, (c) 3.0, and (d) 5.0nm.
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Figure 2.25 illustrates the time series of atomistic snapshots of equilibrated ice cubes on
graphite substrates with a texture size of 5.0nm and 2.0nm obtained during shear simulations.
Since it is represented, ice cubes on graphite substrates with the texture size of 5.0nm indicating
a thickness of interlocked crystallized water molecules between graphene sheets which
experienced shearing force. Interestingly, the order of crystallized confined water molecules
changed and become completely disorder once the ice cube overcomes the corresponding shear
strength.

Figure 2.25

Atomistic snapshots from the equilibrated systems of ice slab on graphite substrate
with texture sizes of 2.0nm and 5.0nm obtained during performing shear
simulations.
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Figure 2.26 (a-c) shows the effect of the thickness of interlocked water molecules on
shear strength measurement of ice slab on graphite substrates with texture size of 2.0nm, 3.0nm,
and 5.0nm respectively. It verifies, unlike the tensile strength measurement, the shear stress of
ice on the structured substrate is essentially affected by the depth of interlocked water molecules
in which a higher depth of penetration results in higher shear stress of ice. Comparing to other
texture sizes, shear strength magnitudes of ice slab on the substrate with a texture size of 5.0 are
highly influenced by the size of the thickness of interlocked water molecules between graphene
sheets. This remarkably may be the results of the order of water molecules between confined
graphene sheets in graphite substrate with the texture size of 5.0nm. For samples with larger d
values, it is conceivable that the water molecules that may penetrate the space between the two
graphite blocks will affect the magnitude of the measured shear failure stress. To keep
measurements comparable, Figure 2.9 (d) only includes samples with the depth of water
penetration PD=1~1.6nm (except the PA and PE samples). It can be seen that shear failure stress
exhibits a monotonic linear-like increase with increasing d. The increase can be understood as
the result of shear failure switching from being interfacial to a cohesive mode. The cohesive
model involves the fracture of the internal structure of the ice layer. It is expected that the
cohesive mode will become the dominant mode as d increases, and hence give rise to higher
measured failure stresses.
Plots show shear failure stress as an increasing function of PD. Furthermore, the rate of
increase shown in Figure 2.10 (c) is significantly higher than that in (a). This difference can be
understood based on the snapshots provided in Figure 25. With d=2nm, the water molecules
penetrating the space between the two confining graphite blocks are in a disordered state. Upon
applying the shear load along the z-direction, the strain is localized near the penetrating layer
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before failure occurs. On the other hand, for the sample with d=5nm, Figure 25 shows that a big
part of the penetrating layer is of crystalline structure. When shear loads are applied, significant
structural deformation is induced far away from the penetrating layer well into the ice on top of
the substrate. This mechanism of distributing stress is responsible for the stronger dependence on
PD that is observed in Figure 2.26(c).
Figure 2.26 (d) illustrates the shear strength of ice cubes as a function of surface texture
sizes. It demonstrates systems of ice-substrate indicating the same depth of water molecules
penetration (DP) indicate different shear failure stress in which higher surface texture size gives
rise to a higher shear stress of ice on the graphite substrate. So, surface texture size and depth of
water penetration are the substantial parameters in determining the shear strength measurements
on texture substrates. As to the shear failure stress, it is found that measurements for the PA
samples are of similar magnitudes to the shear load being applied along the y- and the zdirections, a reflection of the “atomistic smoothness” of the substrates. On the contrary, the shear
failure stress measured along the z-direction on the PE substrates is six times greater than that
along the y-direction. This is due to the “ruggedness” of the arrangements of carbon atoms along
the z-direction at the ice-substrate interface. The “ruggedness” is, however, absent along the ydirection, and as a result, my simulations find that the failure stress measured along the ydirection is indeed similar in magnitude to that of the PA samples.
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Figure 2.26

Effect of surface depth of water penetration profile (DP) on shear strength of ice
slab on graphite substrate with texture size of (a) 2.0nm, (b) 3.0nm, and (c) 5.0nm.
(d) Shear strength of ice slabs as a function of surface texture sizes.
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2.3.2.2.2

Figure 2.27

Ice shearing dynamics

Displacement profiles of ice slab on graphite substrates with texture size of 1.0nm
along (a) z and (b) y-direction and texture size of 2.0nm along (c) z and (y) y
directions.

Figure 2.27 indicates the displacement profiles of ice cubes on graphite substrates with
different texture sizes of 1.0nm and 2.0nnm along with z and y directions. It shows the same
thickness of ice cubes experienced higher displacement along z and y shearing distance as the
simulation time increases. Furthermore, it indicates interlocked water molecules experienced
rather zero shear displacement when shear simulation conduct along the direction to the surface
texture size, i.e. z-direction. It is obvious moving forward from the region of ice-substrate, water
molecules of ice cube indicate higher shearing displacement as it is close to the region of the
loading shear force.
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2.4

Summary
In this study, I use all-atom Molecular Dynamics (MD) simulations to investigate

nanoscale ice failure stress on nanostructured graphite substrates. Since the delamination of ice
from a substrate is likely a summation of normal and shear failure modes, thus in this work I
conduct pulling and shearing simulations on the equilibrated setup of ice-substrates systems to
obtain fracture strength of ice on flat and nanotextured graphite substrates. In this study, graphite
substrates are constructed by neutral zig-zag edge graphene sheets orientating parallel (PA) and
perpendicular (PE) to the ice-substrate contact area. Texture structures are introduced by some
distances between two graphite blocks labeled as “d” with various sizes from 1 nm to 5 nm.
To investigate the fracture strength of ice on graphite substrates, I initially equilibrate all
the sample setups. For this, all system setups are energy minimized by placing the ice cubes to
the nearest possible distance with the graphite blocks followed by melting and supercooling of
1.5 nm of interfacial ice layers. Finally, ice-substrate systems are all equilibrated by applying
Nose-Hover thermostat to only water molecules under NVT simulations during which ice
particles are the nucleation sites for the interfacial disordered water molecules and induce water
crystallization. Pulling and shearing simulations are conducted by applying a force on water
molecules located within 1.5 nm of the vacuum interface. The magnitude of the force is started at
zero and increased linearly during the simulation time per MD timestep. To measure fracture
failure stress, I divide the monitored interacting forces between oxygen atoms of water molecules
and carbon atoms of graphene sheets by the ice-substrate contact areas.
The results from pulling and shearing simulations suggest that the ice-substrate interfacial
energy, ice temperature, extent of depth of interdigitating ice, and nanotextured structure of the
substrates (surface structure and texture size) are the dominant key parameters that mainly affect
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the fracture strength of ice from the substrate. Results from pulling and shearing simulations
show increasing the ice cube temperature results in decreasing the normal and shear failure
stresses of ice on each graphite substrate. Increasing the temperature of ice cube enhances the
mobility of interfacial water molecules, thus less amount of loading forces is required to detach
(or shear) ice cubes from substrates.
Results of pulling simulations show ice cubes start detaching from graphite substrates
once magnitudes of the loading forces are exceeded the interfacial interacting forces between
water molecules and carbon atoms of graphene sheets. This is manifested by a sharp drop in
magnitudes of the interacting force values. Results of pulling simulations further indicate ice
normal failure stress is not as sensitive to the corrugation of the substrates. That is said, in the
normal failure mode, the adhesion failure stress of ice is not only influenced by the texture
structure of the substrate but it is supposedly affected by the order of interlocked water
molecules, where crystallization of water molecules into ice crystals occurs between graphene
sheets. This is valid for the surface nanotexture sizes of larger than 4 nm, as the MD simulation
results represent. Moreover, it shows introducing surface nanotexture structure (lower than 4 nm)
mainly results in decreasing normal failure stress of ice in which atomistically smooth surface
(PA samples in my model setup) demonstrate the highest adhesion normal stress, due to
representing the highest surface atom density. Furthermore, results from pulling simulations of
the ice indicate that the MD data for the ice failure stress can be collapsed onto two master
curves as a function of the ratio between the water-carbon interaction energy and temperature of
the ice cube.
Results from shear simulations show an obvious change in slops of the stress-strain
profiles. To measure the shear failure stress of ice cubes on various graphite substrates, I fitted
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the calculated data using a linear function and report the intersection point as the characteristic
shear failure stress of ice on each type of graphite substrate. It is found, compared to the normal
mode, shear failure stress is substantially influenced by the nanostructure of the surface
roughness in which the shear stress of ice cube is linearly increased with increasing the surface
texture sizes. The increase is understood as the result of shear failure switching from being
interfacial to a cohesive mode and the latter mode becomes the dominant shear failure mode as
the surface roughness increases. It is furthermore found shear failure is essentially increased by
the extend of the ice interdigitating the substrate nanotexture structure.
The results from my MD work of fracture simulations of ice provide an atomistic
understanding of the adhesion strength of ice and the physical key parameters that dominate the
fracture strength of ice. It delivers the knowledge of the effect of the surface property namely as
corrugation or texture structure on failure stress of ice. It helps in improving the design of deicing surfaces through controlling the size of surface texture sizes and degree of surface
hydrophobicity. For example, my atomistic MD results represent substrates indicating surface
texture sizes higher than 4 nm results in increasing the adhesion strength of ice and smooth
surfaces while demonstrating the lowest shear strength, they indicate the highest normal failure
stress. Also, my findings can be impactful to the area of icing research for the future simulation
studies at the atomistic scale in which fracture strength of ice from various types of the substrate
with different chemistry (like as aluminum) can be investigated by implementing the simulation
and modeling strategies developed in my study.
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CHAPTER III
DYNAMIC WETTING OF IMPACT SUPERCOOLED LIQUID WATER ON NANO
TEXTURED GRAPHITE SUBSTRATES
3.1

Introduction
Water droplets impacting and spreading on a solid surface represent substantial dynamic

wetting phenomena in which there is an intersection between physics, chemistry, and mechanics.
They are pertinent for engineering applications such as surface coating and inkjet printing96.
While static wetting is fairly well explained by Young’s contact angle equation, the dynamics of
water droplet wetting is more intricate, since the involved physical processes in the local region
near the moving contact line become significant97,98. The wetting behavior of water droplet on
solid surfaces is thoroughly understood on the macroscopic scale99,100 however, there are many
other new wetting phenomena happened at the nanoscale which is entirely different from the
behaviors at the micro- and mesoscale. For numerous nanoscale applications, the wetting of
fluids on different surfaces, such as graphite101 and metals82 has been investigated.
Theoretically, for an inclusive understanding of the impacting and spreading process of
the water droplet on a solid surface, some significant physical properties namely as droplet
viscosity, inertial effect, and surface tension between the water droplet and solid surface needs to
be considered. In terms of numerical modeling in approaching dynamic wetting, some different
methods such as the volume of fluid (VOF)102 and finite elements modeling (FEM)103 have been
previously implemented. These frequently used numerical methods provide information on the
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wetting process at the mesoscale level. In this work, I employed the molecular dynamics (MD)
simulation method which delivers atomistic information of dynamic wetting of supercooled
liquid water on nanotextured graphite substrates. To the best of my knowledge, there has so far
been no MD simulation works incorporated to investigate the dynamic wetting of impinged
water droplets on solid surfaces which has numerous industrial applications like in aeronautics,
wind turbines, and solar panels industries to name a few. At the nanoscale, MD is the best
computational method to examine and predict the dynamic wetting properties of nan droplets on
solid surfaces104.
At the nanoscale, the wetting property of a solid surface is significantly influenced by the
atomistic interactions between the liquid and the surface. Specifically, the prediction of
wettability for a system consisting of a liquid droplet and solid surfaces necessarily requires
some detailed system information which is not limited to surface structure, system temperature,
and chemical composition, which is implicitly contained in the atomistic simulation of materials.
Thus, MD is an appropriate simulation tool to explore the nature of the surface wetting properties
resulting from the interactions between a liquid droplet and solid surface at the atomistic level.
There are some works used MD simulations to study the wetting behavior of nanodroplet on
various surfaces. Sedighi et. al.105 and Park et. el.106 studied the effect of strength of interfacial
energy on the droplet-surface and found increasing the interaction energy resulted in significant
enhancement on the surface wettability.
The main objective of the present work is to investigate the dynamic wetting behaviors of
impinged supercooled water nanodroplets on textured graphite surfaces using MD simulations.
For this, the effect of system physical properties namely surface roughness, droplet size and
temperature, and impinging velocity on dynamic wetting are also examined. The results are
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discussed in terms of the evolution of depth of water penetration, droplet retracting time from the
surface and the maximum depth of penetration in which droplet experienced during dynamic
wetting.

3.2

Model and Method

3.2.1

Simulation model
In this study, I introduced graphite blocks as the substrate. It consists of several zigzag

edge graphene pillars each having height and width of 5.0nm and 6.6nm respectively along ‘x’
and ‘y’ directions which are extended along ‘z’ direction by 3.35Å24. Graphene sheets are
electronically neutral and are made by several carbon atoms in a honeycomb molecular structure
which are bonded to their nearest neighbors at the equilibrium bond length and angle of
0.1418nm and 120◦ respectively107. They are modeled using OPLS108 (Optimized Potential for
Liquid Simulation) force field with non-bonded interaction parameters given in Table 3.1.
Table 3.1

Lennard-Jones parameters for aromatic carbon atoms from OPLS force field
Graphene carbon

𝝈𝑪−𝑪 [Å]

𝜺𝑪−𝑪 [kcal mol-1]

3.55000

0.07

In this study, the equilibrated structure of water droplet is obtained by supercooling a slab
of pre-equilibrated ice Ih at different supercooling temperatures of 250K and 265K. The modeled
hexagonal Ih ice consists of 8640 number of water molecules has a prismatic plane with surface
contact of the area of 6.6 × 9.1 nm2. This face was brought in contact with graphite substrates
during wetting simulations. The thickness of the ice cube is 4.9 nm being perpendicular to the
ice-substrate contact area.
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I introduced texture structures to the graphite substrate by making some distances
between graphite blocks labeled as “d” value. In this study surface texture sizes of “d” values are
2.0nm and 4.7nm and the number of graphene pillars in each graphite block varied from 22, at
d=2nm, to 14 sheets at d=4.7nm. Figure 1 illustrates a molecular schematic of the constructed
simulation model of pre-equilibrated ice in a vacuum distance of 2.0nm from graphite substrates
with a texture size of 2.0nm and 4.7nm. I extended the size of the simulation box perpendicular
to the ice-substrate interface by two times of cut-off distance to ignore atoms interacting with
their mirror images during wetting simulations. Textured graphite substrates and the preequilibrated hexagonal ice structures have the same contact area in which there are no icevacuum-substrate interfaces introduced in my modeled setup systems.

Figure 3.1

Atomistic representations of simulation modeled setup systems for conducting
wetting simulation consists of pre-equilibrated ice Ih in a distance with modeled
graphite substrates with texture sizes of (a) 2.0nm and (b) 4.7nm.
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3.2.2

Simulation method and details
In this study, all simulations performed using the open-source molecular dynamics (MD)

parallel simulator code, LAMMPS71. Long-range electrostatic interactions between water/ice
molecules are calculated using particle-particle particle-mesh (PPPM) method72. Water
molecules are treated as the rigid body by keeping the bond length and bond angle fixed using
the SHAKE algorithm73. In my study, graphene pillars are kept fixed at their atomistic lattice
positions throughout the simulation times. It has been verified that keeping graphene sheets fixed
during the simulation does not influence the wetting behavior of supercooled liquid water on the
graphite substrate; though it remarkably reduces the computational cost101,109.
In this study, there are only atomistic interactions between oxygen atoms of water
molecules and carbon atoms of graphene sheets that are modeled using Lennard-Jones (LJ) nonbonded interaction potential. Equation (3.1) shows the LJ potential governs the interactions
between atoms in the system. In this study, to calculate the nonbonded interactions between
water molecules and graphene sheets, I used the energy well depth (ε) and the inter-particle
distance (σ) between oxygen and carbon atoms obtained by the Lorentz-Berthelot mixing rule110
given by Equation (3.2) and (3.3), and also the atomistic parameters published in Werder et. al111
work.

𝜎𝑐−𝑜 12
𝜎𝑐−𝑜 6
𝑈𝐶𝑂 = 4𝜀𝑐−𝑜 ⌊(
) − (
) ⌋
𝑟
𝑟

𝜎𝑐−𝑜 =

1
2

(𝜎𝑐−𝑐 + 𝜎𝑜−𝑜 )

𝜀𝑐−𝑜 = √𝜀𝑐−𝑐 × 𝜀𝑜−𝑜
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(3.1)

(3.2)

(3.3)

Simulations are all conducted under NVT and NVE ensembles with coupling time
constant of 𝜏p = 0.1ps and simulation time step of 1.0fs. Atoms configurations, velocities, and
thermodynamic properties of simulations are outputted every 10.0ps. Periodic boundary
conditions (PBC) are applied in all directions of the simulation box results in “bulk-like”
behavior for the interfacial water droplet impinged on textured graphite substrates.
3.2.2.1

System equilibration simulation
To study the dynamic wetting of supercooled liquid water droplets on the nanotextured

graphite substrate, I initially calibrated atomistic interaction parameters between carbon atoms of
graphite substrate and oxygen atoms of water molecules by measuring the equilibrium water
contact angle (WCA) of the liquid water droplet on five zigzag edge graphene sheets. To
measure the WCA, I placed the pre-equilibrated ice in a distance of 2.0nm perpendicular to five
horizontal graphene sheets, followed by melting the ice slab under NVT constraint at 300K for
2.0ns. Carbon atoms of graphene sheets are neutral and completely fixed at their lattice positions
throughout the simulations. I set the surface area of each graphene sheet about three times larger
than the contact area of the secondary face of ice to ensure there is enough available space for the
impinged liquid water droplets to migrate on graphene sheets during impacting on the surface.
Figure 3.2 shows a snapshot from the molecular structure of the system setup containing
equilibrated Ih ice and water droplet in a vacuum distance with five graphene sheets.
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Figure 3.2

Snapshots from the structure of water molecules on top of five zigzag edge
graphene sheets; (a) ice Ih, (b) liquid water droplet at 300K.

To measure the equilibrium contact angle of the liquid water droplet, equilibrated liquid
water droplet initially placed on the closest possible distance with the graphene sheet where there
is no atomistic overlap, through the energy minimization process. Following that, the water
droplet is then equilibrated for 1.0ns under NVT simulation at 300K. In my study, atomistic
interactions between water molecules and graphene substrate are calculated by setting force field
parameters between oxygen (O) of water molecules and carbon (C) atoms of graphene sheets. To
model the van der Waals forces between water molecules and carbon atoms of graphene layers, I
set the interaction parameters using the mixing rule112–114 and the values which are reported by
Werder et. al.111 shown in Table 3.2.
Table 3.2

Non-bonded LJ parameters between oxygen and carbon atoms.
𝜺𝑶−𝑪 [kj mol-1] 𝝈𝑶−𝑪 [Å]
Mixing rule

0.50840

3.3584

Werder et. al

0.39200

3.1900
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Figure 3.3 shows the equilibrium states of the liquid water droplets reside on five zigzag
edge graphene sheets using different force field parameters, as reported in Table 3.2. It indicates
a water equilibrium contact angle of between 50◦-60◦ using the atomistic interaction values from
mixing rules. Experiments by Wang et al115, and Shin et al.116 indicate a water droplet
equilibrium contact angle of 90-95◦ on the graphite substrate, which is fairly well reproduced in
our study by applying the force field parameters from the work of Werder et. al111. It should be
noted that the equilibrium water droplet contact angle on graphene sheets strongly depends on
the number of graphene sheets, the size of the water droplet, the atomistic water model, and the
system temperature117.

Figure 3.3

Water contact angle measurement for the liquid water droplet on graphene sheets
using the force field parameters (a) based on mixing rule and (b) work of Werder
et al.111

Based on the obtained equilibrium contact angle of the liquid water droplet on graphene
sheets, I designed my simulation setup to study the wetting behavior of impinging supercooled
liquid water droplets on nanostructure hydrophobic graphite substrates. Static equilibrium states
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of supercooled liquid water on textured graphite substrates are initially obtained by melting ice
blocks followed by being supercooled at two supercooling temperatures of 250K and 265K for
2.0ns. Figure 3.4 illustrates a molecular schematic of the constructed system setup consists of
pre-equilibrated ice and supercooled liquid water droplet at 250K in a vacuum distance with
textured graphite substrate having with texture size of 2.0nm and 4.7nmn.

Figure 3.4

3.2.2.2

Molecular representation of the constructed model system for wetting simulation;
(a) initial system with introducing ice Ih on top of graphite substrate, and
supercooled liquid water at 250K in a vacuum distance with graphite blocks with
texture size of (b) 2.0nm, (c) 4.7nm.

Non-equilibrium impact wetting simulation
To investigate the dynamic wetting of impact supercooled liquid water on the textured

graphite substrate, I perform non-equilibrium MD simulations. To examine the effect of the
water droplet impinging velocity on the wetting behavior of supercooled water droplets, I studied
two different systems of impinging and reference states in which there is no impact velocity
introduced to water droplets in the latter case. To study the dynamic wetting of supercooled
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liquid water in the reference state, I initially bring the equilibrated supercooled liquid water
droplet into contact with the graphite substrate through the energy minimization process. On the
contrary, dynamic wetting of impinged supercooled liquid water is studied through introducing
collective impinging velocity in terms of Mach numbers (M) to the thermal velocities of obtained
equilibrated supercooled liquid water droplets. In this study, I select the impact velocity ranges
of 0.5M, 1.0M, 1.5M, 2.0M, and 2.5M. This velocity range was selected because it can be
experimentally realized118 and also due to they were widely used in many theoretical published
literature88,119,120,120–122. Simulations are all conducted under NVT and NVE constraints with
periodic boundary conditions being applied in all directions of the simulation box for 10ns with
the timestep of 0.001ps.

3.3
3.3.1
3.3.1.1

Results and Discussions
Dynamic wetting under NVT
Penetration profiles of the impinged water droplet
Dynamic wetting of impinged water droplets on textured graphite substrate is initially

investigated by characterizing the depth in which supercooled liquid water penetrates toward
surface texture structure. Figure 3.5 shows a snapshot from the molecular representation of
impinged supercooled liquid water on textured graphite substrates with the impact velocity of
0.5M and 2.5M at the temperature of 250K indicating different surface roughness of 2.0nm and
4.7nm. It is found water droplet impinging velocity and surface texture size are noticeably
influenced the wetting behavior of impact supercooled liquid water droplets by demonstrating
different penetration profiles. Furthermore, it is essentially understood graphite substrate with
higher surface texture sizes results in noticeable higher penetration depths of impinged water
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droplets. To quantitatively characterize the penetration profile of impinged supercooled liquid
water on graphite substrates with different texture sizes, I calculated the penetration depth of
impinged water droplet, labeled as “H” value by the expression provided in Eq. 3.4:
𝑥=𝑙𝑔

𝐻≡
in which

2 ∫𝑥=0 𝑥𝜌(𝑥)𝑑𝑥
𝑥=𝑙𝑔

∫𝑥=0 𝜌(𝑥) 𝑑𝑥

(3.4)

𝑦ℎ𝑖

1
𝜌(𝑥) =
[ ∬ 𝜌𝑂 (𝑥, 𝑦, 𝑧) 𝑑𝑦𝑑𝑧]
𝐿𝑦 𝐿𝑧

(3.5)

𝑦𝑙𝑜

In this expression, lg is the length of each single graphene sheet and 𝜌(𝑥) is the density of
penetrated interlocked water molecules, specifically oxygen atoms, confined by graphene sheets
calculated by Eq. 3.5. In this expression boundaries along ‘z’ direction are equal to the size of the
surface groove structure in each substrate and 𝜌𝑂 stands for the density of oxygen atoms of
interlocked water molecules during impact simulations.

80

Figure 3.5

Snapshots of the molecular schematic of wetting behavior of supercooled liquid
water on graphite substrate with different “groove” sizes and impinging velocities
at 0.2ns including impinged supercooled liquid water on graphite substrate with
texture sizes of 2.0nm and impact velocities of (a) 0.5M and (b) 2.5M and texture
size of 4.7nm with the impact velocity of (c) 0.5M and (d) 2.5M.

Figure 3.6 shows the evolution of depth of penetration profile calculated during impact
wetting simulations of the supercooled liquid water droplet at temperatures of 250K and 265K on
graphite substrates with the texture size of d=2.0nm and 4.7nm. It indicates a gradual retreating
wetting behavior upon maximum penetration depth of impinged supercooled water droplet
obtained. This reflects the hydrophobic interactions between the impinged water droplet and
graphene sheets of graphite substrate as modeled by calibrating the water-graphene interfacial
strength (εco) in this study. It indicates the velocity of which droplet retreats from substrate
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texture substantially depend on droplet impinging velocity and the size of the surface roughness
parameter. Furthermore, results show no significant difference in the dynamic wetting of
supercooled water droplet having an impinging velocity less than 1.0M compared to the static
wetting dynamic in which there is no impact velocity introduced to supercooled water droplets.
Based on this, I define the impinging velocity of 1.5M as the critical droplet impact velocity in
which a fundamental change in the dynamic wetting of supercooled water droplets on the texture
graphite substrate is attained.
Dynamic wetting of impact water droplet indicates higher droplet impinging velocity
shows a greater depth of penetration on surfaces showing bigger texture size, which is true at
different supercooling temperatures. To compare wetting dynamics of impinged supercooled
water with static wetting, where there is no impact droplet velocity, I conducted simulations for
static supercooled liquid water droplets on graphite substrate at different temperatures of 250K
and 265K and provided the wetting profile by black ‘triangle’ data points in this figure.
Comparing to dynamic wetting profiles, it indicates a similar wetting profile for impinged water
droplets after some simulation times called as ‘retracting time’. This parameter strongly depends
on the droplet impact velocity and temperature as well as the texture size of the nanostructured
substrate.
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Figure 3.6

3.3.1.2

Wetting profiles of supercooled liquid water as a function of simulation time for
(a) d=20Å, T = 250K, (b) d = 20Å, T=265K, (c) d=47Å, T = 250K, (d) d=47Å, T =
265K.

Retracting wetting behavior of supercooled water droplet
Figure 3.7 illustrates the initial (maximum) penetration of supercooled liquid water as a

function of impinging velocity and retracting time (ns) versus initial penetration. In this plot,
maximum penetration reflects the highest depth that the supercooled water droplet penetrates
toward the graphite texture sizes as labeled by ‘initial penetration’ and retracting time defined as
the time required dynamic wetting indicates similar static wetting in which impact supercooled
liquid water droplet shows rather the similar penetration profile as the static supercooled water
droplet where there is no impact velocity introduced to supercooled liquid water.
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Figure 3.7

Maximum penetration vs. imping velocity and retracting time vs. initial
penetration.

These results demonstrate maximum penetration hugely depends on the size of the
surface texture structure compared to the droplet supercooling temperatures while retracting time
is significantly influenced by the droplet temperature. Results of maximum penetration versus
impinging velocity support the results shown in figure 3.6. It indicates droplet temperature and
surface roughness initiate to indicate their effect on the maximum depth of water penetration
(MDP) starting at 1.5M in which MDP is noticeably increased by increasing impinging velocity
and surface roughness. The result of retracting time represents supercooled water droplets
requires higher time to be retracted from surface texture structure at the lower temperature of
250K compared to the higher supercooling temperature of 265.0K. Droplet with a higher
supercooling temperature of 265.0K demonstrates lower liquid viscosity that results in increasing
retracting velocity in which droplets retreat from surface texture structure.
Figure 3.8 illustrates the time required droplet to retract from surface texture structure as
a function of droplet impinging velocity. It indeed verifies the results shown in figure 3.7.
Considering droplet impinging velocity of 1.5M as the critical impinging velocity, it shows
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increasing water impinging velocity essentially results in increasing the time required water
droplet retreat from surface texture structure. Furthermore, it verifies the dominant effect of
droplet temperature on the retracting profile of supercooled water from surface nanotextured
structure. All these useful information at the atomistic scale can directly be used in designing the
anti-icing surfaces at the macroscale level.

Figure 3.8

Retracting time vs. supercooled impact velocity for different surface “groove”
sizes and droplets’ temperature.

Figure 3.9 illustrates the retracting as a function of “pure” depth of penetration, where the
MDP values are subtracted from the penetration profile obtained for static reference systems.
Result demonstrates the strong effect of supercooled water droplet’s temperature on retracting
time, which is remarkably higher at 250K compared to 265K at different two surface texture
values and supports the results shown in Figure 3.8. In detail, it demonstrates at a specific
surface texture size, supercooled water droplet with lower temperature requires more time to
retract from surface texture structure which is reasonable based on the effect of temperature on
the viscosity of materials.
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Figure 3.9

3.3.2
3.3.2.1

Retracting time as a function of initial penetration of impinged water droplet
relative to the non-impinged droplet.

Dynamic wetting under NVE
Penetration profile under hydrophobic and hydrophilic interactions
Figure 3.10 (a)-(b) show the penetration profile of impinged supercooled liquid water on

textured graphite substrates with the roughness size of 2.0nm representing graphene sheets as
hydrophobic and hydrophilic substrates respectively. In these simulations, supercooled water
droplets are initially impacted toward the substrates under NVT simulation to maintain the
droplet temperature at the targeted temperature of 250.0K, then continued the wetting simulation
under NVE simulations. Since under the impact of the droplet, there is a fast change in the
kinetic energy, and thus the temperature of the water droplet, the NVE is the natural choice for
studying the dynamic wetting of impinged water droplets. Penetration profile of supercooled
water droplet on hydrophobic graphite substrate represents retracting behavior in which higher
impinging velocity results in increasing the depth that water droplet penetrates through the
substrate groove structure. This wetting behavior is similar to the results of wetting simulations
under NVT simulation. Results of wetting simulations indicate graphite as the hydrophilic
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substrate is also shown in Figure 3.10(b), illustrates supercooled water droplets penetrate down
through the substrate groove structure instead of retracting behavior obtained from hydrophobic
interactions. This is the result of the higher interaction energy between carbon atoms of graphene
sheets and the water molecules. Likewise, increasing the supercooled impact velocity results in
growth to the depth that water penetrates through the substrate texture structure.

Figure 3.10

Time evolution of depth of impinged supercooled liquid water considering (a)
hydrophobic and (b) hydrophilic water-graphene interactions.

Figure 3.11

Temperature profile of impinged supercooled water as a function of simulation
time for a various impinging velocity of 0.1M to 1.0M.
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Figure 3.11 shows the temperature profile of the impact supercooled liquid water during
the simulation time. In these simulations, graphene sheets are thermostated under NVT at the
targeted temperature of 250.0K, while the temperature of impact water droplets is deviated by
showing about 15K increase for water droplets impacted by 1.0M impinging velocity.
Temperature profiles indicate an initial sharp increase in magnitudes of droplet temperature at all
impinging velocities with the highest increase occurs with the droplet with maximum impinging
velocity. This relates to the time that droplet impacts the substrates, as the result of maximum
change in kinetic energy of droplet, and thus the highest variations in droplet temperature
happen. Since there is no thermostat is applied to water molecules after impacting, the
temperature of droplets is kept increasing that unfavorably affects the wetting profile of
impinged water droplets.

Figure 3.12

(a) Depth of water penetration as a function of impinging velocity; (b) penetration
depth of water droplet as a function of simulation time at 1.0M of impinging
velocity considering NVT and NVE wetting simulations

Figure 3.12(a) represents the depth of wetting penetration as a function of droplet
impinging velocity for hydrophobic (red dots) and hydrophilic (blue dots) graphite substrates. It
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demonstrates an increase in depth the supercooled water penetrates by incrementing the droplet
impinging velocity. While results show for hydrophobic graphite representing the highest depth
of penetration, but for the hydrophilic graphite, results are illustrating the initial penetration
depth. Figure 12(b) shows the penetration profile of impinged supercooled water droplets as a
function of simulation time calculated during the nVT and NVT-NVE impact simulations with
the impinging velocity of 1.0M and hydrophobic graphite substrate. Results from NVT-NVE
impact wetting simulations represent retracting wetting profiles like the NVT simulations in
which impinged water droplets show the highest initial penetration depth followed by a decay
behavior. The variation on the initial wetting profile for the impinged water droplet comes from
the size of the water droplet and the wetting dynamics under NVT and NVE simulations. Since,
the initial penetration depth measured at 0.2ns in which temperature of the water droplet doesn’t
show an obvious change, thus the size of the water droplet may have more effect on controlling
the initial penetration of impinged water droplet.

3.4

Summary
In this work, I study the dynamic wetting of impinged and stagnant supercooled water

nanodroplets at the atomistic scale using Molecular Dynamics (MD) simulations. Simulation
setups are modeled by placing pre-equilibrated ice blocks in a 2 nm vacuum distance with
nanotextured graphite substrates. Graphite substrates consist of two graphite blocks separated by
distances of 2.0 nm and 4.7 nm considered as the surface texture structure. Each graphite block is
made of several neutral zig-zag edge graphene sheets separated by 0.335 nm. To examine the
dynamic wetting of impact water droplets, ice cubes are initially melted at a raised temperature
of 350 K followed by supercooling at different temperatures. Wetting simulations are then
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performed under NVT ensemble during which Nose Hoover thermostat is only applied on water
molecules of the supercooled droplet at different temperatures of 250 K and 265 K. Impact
velocities are introduced as the collective velocities added to the thermal velocities of
equilibrated supercooled water droplets in terms of Mach (M) numbers. In this study, impact
velocities are 0.5M, 1.0M, 1.5M, 2.0M, and 2.5M.
Since there is a fast change in kinetic energy and thus the temperature of water droplets
upon impact on the substrate, dynamic wetting of supercooled water droplets are also studied
under NVE simulations which is a natural choice for studying the impact process. In these
simulations, supercooled droplets are initially impinged on graphite substrates under NVT
simulations to maintain the droplets temperatures during the impact process then dynamic
wetting simulations are continued under NVE ensemble using the configuration obtained during
NVT simulations. In these simulations, to provide a thermal bath to the impinging water
droplets, graphene sheets are thermostated under NVT simulations at 250 K, and spring forces
are applied to all carbon atoms of each graphene sheets to keep each graphene sheets fixed from
drifting in the simulation box.
Results from dynamic wetting of impinged supercooled water droplets show the size,
temperature, and impact velocities of supercooled water droplets along with physical properties
of substrates namely as the size of surface nanotexture size and degree of surface hydrophobicity
are the key parameters that mainly dominant the wetting dynamics of the impinged supercooled
water droplet on structured substrates. Results of wetting simulations furthermore represent
supercooled water droplets indicating higher impact velocity show a deeper wetting profile in
which a higher depth of water penetration is obtained.
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Results of dynamic wetting under the NVT simulation show retracting wetting behavior
for the supercooled water upon impacting on hydrophobic graphite substrates in which the
droplet retreat from the surface nano groove structure during the simulation time. In these
simulations, the initial depth of droplet penetration strongly depends on the droplet’s impinging
velocity and the size of the surface texture sizes. It is found for the supercooled droplets
impacting on graphite substrates with various surface roughness, the size of surface texture
structure has a more dominant role in determining the wetting profile of impinged water droplet
compared with the temperature of the droplet. It is understood substrates indicating bigger
surface nanotexture sizes of 4.7 nm compared with 2.0 nm results in a higher depth of
penetration obtained for the droplets having the same temperatures and impact velocities.
Furthermore, results show water droplet retracting time heavily depends on the droplet’s
temperature compared with impact velocity in which droplets indicating lower temperature
representing higher retracting time. Moreover, results show a threshold value for the magnitude
of the impinging velocity of water droplet in which penetration is not explicitly observed for the
droplet having lower impact velocity than the threshold value. It is found the threshold value
strongly relies on the size of the surface nano roughness. This indicates surface groove structure
smaller than a certain size can stop water from penetration, considering v~0.5M in practical
situations.
My results show that tuning graphene wettability through changes in interaction strength
parameters significantly affect the dynamical aspects of the impinging supercooled nanodroplets.
Results of dynamic wetting under NVE simulations represent wetting profile of impinging
droplets depend on the degree of surface hydrophobicity in which interdigitating and retracting
dynamic wetting is obtained under hydrophilic and hydrophobic water-graphene interaction
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strength, respectively. It is furthermore found droplets with higher impinging velocity indicate a
higher depth of water penetration supporting the results found in the wetting simulations under
the NVT ensemble. Moreover, results highlight the effect of the size of the droplet in the initial
depth of penetration in which bigger droplets represent a higher penetration profile upon
impacting on graphite substrates.
Droplet impacts on dry surfaces is an area of nanofluidics that has been studied over a
century123, not only due to its fundamental science but also because of its applications in various
industries, like as inkjet printing, anti-icing, droplet interactions in engines, and plasma
spraying124. Understanding how water droplets impact on a graphene surface is also of major
importance for the applications in nanomaterial, as well as, to better understand the
hydrophilic/hydrophobic behavior of layered materials. However, a detailed study of how the
wetting of nanotextured graphite substrate influences the impinging nanodroplet dynamics is still
lacking which is the objective of this work. My results show that how the degree of graphene
wettability and the surface texture size could be of fundamental importance to determine the
wetting profile of impinging water droplets with various impact velocities at the atomistic scale.
It highlights the significance of surface hydrophobicity for designing anti-icing surfaces in
experiments; since my results represent these such surfaces show resistance for water to
penetrate toward the surface nanogroove structure by showing a retracting wetting behavior for
impinging water droplet. Also results show hydrophobic graphite surfaces with nano roughness
sizes smaller than 4.7 nm can resist water from penetration for supercooled nanodroplets with
impinging velocity less than 1.0M which is such a piece of useful information for the design of
nanostructured ice-phobic substrates.
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My MD data also open some research tracks for future simulation investigations to
examine the effect of the size of surface roughness on the threshold value of impinging velocity
by considering substrates with larger roughness sizes than 5 nm. And how the functionality of
threshold velocity versus the size of surface roughness (d) can be influenced by the degree of
graphene hydrophobicity. Moreover, the effect of the texture structure of the substrate on the
wetting dynamic of impinged water droplets can be studied in which the graphene layers to be
arranged in parallel to the supercooled-surface contact area. In my study, graphene sheets are
arranged perpendicular to the water-surface contact area.
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CHAPTER IV
DYNAMICS AND RATE OF WATER CRYSTALLIZATION IN BULK STATE AND
UNDER NANOSCALE GRAPHENE CONFINEMENT
4.1

Introduction
The natural transition of supercooled liquid water into ice structure is one of the most

major phase transitions in the universe. Ice crystallization from supercooled liquid water
demands two primary stages. Initially, a process is known as nucleation in which a solid ice
nucleus forms after dominating a free energy barrier. The nucleation process could be
heterogeneous in the existence of impurities or contaminations125,125–127 or homogeneous86,128,129
in the case of pure liquid water. The existence of a critical ice nucleus results in the second stage
of water crystallization known as crystal growth, which is the framework of this work. Having a
profound understanding and, therefore, learning how to control the rate of ice growth is crucial
for varieties of disciplines including but not limited to climate science130, aviation industries131 or
materials science, and technology132. Regardless of the significance of water and the unique
physical characteristic of the water-to-ice transition, there are yet huge disparities and
uncertainties on measurements of the rate of water crystallization in experiments133–136.
Simulation studies of examining the rate of ice crystallization implementing various atomistic
water models137–142 indicate the existence of a maximum in the profile of the rate of ice growth.
Although, there is an issue about the validity of the method they used since the simulations were
conducted under NVT constraint with the aid of the thermostat being applied to water molecules.
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This undeniably causes a dissipation of the released freezing latent heat at the ice-supercooled
water interface. One may hesitate if the immediate freezing heat dissipation due to applying the
thermostat may influence the dynamics of water crystallization and the rate of ice growth138. It is
noted water crystallization simulation under the NVE ensemble is more resemblance to what is
happening in experiments and more realistic due to freezing released latent heat is not artificially
dissipated with the aid of thermostat applied to only water molecules of ice structure happened
under NVT crystallization simulations. Although, accessing crystallization dynamics under the
NVE ensemble contains a computational challenge, which is the concern of pressure drift for the
large systems during the simulation time. This suggests the rate of water crystallization is slower
than the dissipation of freezing latent heat143. In this study, I investigate the dynamics of water
crystallization from supercooled liquid water in the bulk state and under nanoscale graphene
sheets confinements.
Nanoscale Confinement enables the possibility of investigating the behavior of liquids
under certain circumstances that are not experienced in bulk systems144–147. Water molecules
confined in different nanostructures like graphite channels148 and carbon nanotubes149,150 has
stimulated high-demanding and intensive investigations both theoretically151,152 and
experimentally153,154. Recent studies have indicated matters under nanoscale confinement
influences a supercooling155–158. Vast majority of studies have demonstrated much more
complexity for the phase diagram of confined liquid water compared with bulk water144,159–162.
Moore et al.163 employed molecular dynamics simulations to investigate melting
temperatures and coexistence of ice and a pre-melted liquid layer in nanopores structure with a
radius of 2 nm including a vast range of water-surface interaction strengths, ranging from
strongly hydrophobic to extremely hydrophilic interaction energies. Using the mW water model,
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they found the melting temperature of the confined ice block in nanopore structures are heavily
depressed to the melting temperature of the bulk of ice164.
Studies on the structure of the confined water by carbon-related materials firstly
characterize by Koga et al160 by using molecular dynamics simulation of water confined by
carbon nanotubes showed nine additional ice phases obtained with abnormal structures such as
bilayer ices. Also, the dynamics of liquid water confined between two hydrophilic solid surfaces
have been examined165,166. Corresponding results have indicated a slower dynamic for the water
molecules close to the confining surface and due to the strong hydrogen bonds established
between confined water molecules and hydrophilic sites of the surface, the structure of the
interfacial water layer is hugely influenced. However, recent studies have verified the effect of
confinement on the dynamics of water properties167–171, the effects of confinement structure on
the behavior of water molecules have not been fully addressed yet. In this work, I initially
examine the dynamics and rate of water crystallization from supercooled liquid water in bulk
state with no confinement using MD simulations. Then, for studying the effects of confinement
on an investigation of the rate of water crystallization, I introduced graphite as the confining
structure and perform water crystallization simulations with considering different crystallization
methods for the confined supercooled water under NVT and NVE constraints.
4.2
4.2.1
4.2.1.1

System models and simulation methods
Atomistic modeling
Ice in the quasi-bulk state
In this study, I select to model ice Ih, in which hydrogen atoms are disordered around

oxygen atoms in water molecules. The initial coordinates for the ice block were taken from
Matsumoto et. al.172 work corresponding to the proton disordered phase of ice.
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To model the simulation setup, I initially placed the basal face {0001} of two preequilibrated ice blocks at 250.0K, each contains 8640 numbers of water molecules at a distance
of 4.0nm away from each other through introducing some vacuums between two ice blocks. The
size of the simulation box along the basal face of two ice blocks is increased by two times larger
than the cutoff distance for the non-bonded Lennard-Jones interactions potential (1.0nm) to
ensure that the atoms do not interact with their mirror images at any times during the
simulations. Figure 4.1(a) illustrates a snapshot of the molecular representation of the
constructed system setup.
4.2.1.2

Ice under nanoscale confinement
To model and initialize systems of ice block confined by graphene sheets I placed

primary prismatic plane {101̅0} of pre-equilibrated ice at temperatures of 250.0K at a distance
of 1nm from two solid wall surfaces. This modeled system setup facilitates the investigation of
the induced ice crystallization process from basal face {0001} of ice that is comparable to the
study of my ice crystallization in the bulk state having no confinement.
Ice block has a different thickness of 2.0nm, 3.0nm, 4.0nm, 5.0nm, 10.0, and 20.0nm
perpendicular to the prismatic face consist of different numbers of water molecules of 8640 to
66560 with thicknesses of 2.0nm and 20.0nm respectively indicating sizes of 13.3nm and 9.1nm
along lateral dimensions, i.e. y and z directions. In this study, solid wall confinements are made
of two graphite blocks each consist of several zigzag edged graphene sheets separated by
3.35Å24. Graphene sheets consist of electronically neutral carbon atoms bonded to their closest
neighbors at the equilibrium bond length of 1.42Å68,69. In this work, intralayer carbon-carbon
interactions are modeled by adaptive intermolecular reactive empirical bond order (AIREBO)
potential173–175, due to its thermal transportability as described by a wide literature on carbon and
97

graphene family structures176–178. AIREBO potential includes three different potentials namely as
REBO, Lennard-Jones, and TORSION. The REBO term is a hydrocarbon potential describing
the short-range interactions of carbon-carbon atoms. The longer-ranged interactions of carboncarbon molecules are treated by the Lennard-Jones term and the TORSION is a four-body
potential that explains the dihedral angle preferences in a single graphene layer structure.
Interlayer carbon interactions are modeled by the pairwise Lennard-Jones (LJ) potentials V(r) =
4ϵ[(σ/r)12 − (σ/r)6] spheres characterized by 𝜀𝑐𝑐 /k = 28 K and 𝜎𝑐𝑐 = 3.40 Å179–181. The cutoff
distance in LJ potential is set to 2.5σ182.Figure 1 (b) illustrates a molecular representation of preequilibrated ice confined by two graphite solid walls with confinement size of 5nm.

Figure 4.1

Atomistic illustration of modeled systems and simulation setups. (a) Two ice
blocks model with a hexagonal arrangement of water molecules in a distance of
4.0nm apart from each other used in ice crystallization in bulk state, (b) Secondary
prismatic plane of pre-equilibrated ice with a thickness of 5nm confined by two
graphite blocks with the thickness of 2.1nm consisting 7 zig-zag edge graphene
layers.
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4.2.2

Simulation methods and details
In this section, the method used in Molecular Dynamics (MD) simulation to perform ice

crystallization in the bulk of ice and under graphene wall confinements is described. All
simulations are performed using the LAMMPS71 MD simulation package with the velocityVerlet algorithm. In this work, long-range electrostatic interactions between ice/water molecules
are calculated using the particle-particle particle-mesh (PPPM)72 method with a precision of 10-4,
and water molecules are treated as rigid bodies by constraining the bond length and bond angles
using SHAKE algorithm73. Ice crystallization simulations are conducted by implementing
seeding simulation technique84–86 in which supercooled liquid water molecules are in contact
with the ice nucleus exists in the ice structure and treated as nucleation sites for disordered water
molecules located in the supercooled region88. Periodic boundary conditions (PBC) are applied
along with all directions of simulation systems.
4.2.2.1

Ice crystallization in the quasi-bulk state
To examine the crystallization process of ice crystals from supercooled liquid water in

bulk state, I performed four different subsequent simulations on the system setup illustrated in
Fig 4.1 (a) namely melting of the ice block, supercooling of liquid water, energy minimization,
and water crystallization simulations. Initially, the ice block located at the lower region of the
simulation box is melted at an elevated temperature of 300.0K, then the two ice blocks bring to a
supercooling temperature at 250.0K for 1.0ns during which the block of liquid water located in
the lower region of simulation box becomes supercooled at the supercooling degree of 19.9K.
These simulations are all performed under the NVT ensemble with the simulation time step of
1.0fs. To characterize the structure of the ice block during supercooling simulation, I calculate
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the Q6(y) parameter for all water molecules along the basal plane of two ice blocks, shown in
Figure 4.2(b).
Figure 4.2(b) indicate averaged Q6(y) parameter calculation for the ice blocks during the
supercooling simulation at 250.0K. Different from the density profile that depicts the likelihood
of finding water molecules at a given coordinate, 𝑄6(y) characterizes the “ordering” of the ice
structure as a function of ice thickness along the basal plane of the ice block, i.e. y-direction. The
more crystal-like the structure is at given a “y” coordinate, the greater value the 𝑄6(y) has. A
typical threshold value for distinguishing between crystal-like and liquid-like water molecules is
0.3685. Following this, supercooled liquid water with an indication of 𝑄6(y) values lowert than
the assigned threshold value shown in Fig. 2(b) brings into the nearest possible distance with the
ice block indicated solid-like water molecules through the energy minimization process, where
there is no atomic overlap between atoms of two approaching structures, during which potential
energy of the system is minimized.

Figure 4.2

(a) Molecular representations of equilibrated supercooled liquid water and Ih ice
block at 250.0K during supercooling simulation under NVT ensemble and (b)
Q6(y) distribution of q6 order parameter along the basal plane of ice block located
on the top region of the simulation box.
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Figure 4.3(a) represents a molecular snapshot from the simulation setup experienced
energy minimization. Figure 4.3(b) indicates energy calculation of the two approaching
structures within the energy minimization process during which configuration demonstrating the
lowest energy (before indicating positive potential energy) is chosen as the initial configuration
for performing water crystallization simulations. To characterize the crystallization of ice
crystals from supercooled liquid water in bulk state, I bring the system to a supercooling
temperature at 250.0K for 90.0ns using Nosé–Hoover78,81 thermostat to maintain the system at
the targeted temperature with a coupling time constant of T = 0.1 ps. Figure 4.3(c) represents the
density profile of oxygen atoms of water molecules along the y-direction of the simulation box
where supercooled liquid water molecules are faced ice block indicating two regions of
disordered water molecules.

Figure 4.3

(a) Snapshot representation of equilibrium system setup with lowest potential
energy obtained during energy minimization; (b) Potential energy of simulation
setup calculated during energy minimization process as a function of simulation
time; (c) Density profile of oxygen atoms for water molecules along the basal
plane, i.e. “y” direction.
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4.2.2.2

Water crystallization under graphene confinement
Here, the MD simulation method I implemented to examine the rate of water

crystallization from supercooled liquid water under graphene nanoconfinement is explained.
Water-graphene wetting modes are chosen as hydrophobic and hydrophilic through calibrating
atomistic interaction strength for Lennard-Jones potential between oxygen atoms of water
molecules and carbon atoms of graphene111 sheets represented in Table 1.

Table 4.1

Atomistic parameters for water-graphene non-bonded interactions
εc-o [kJ mol-1

σc-o
[Å]

Hydrophobic 0.392
interactions101
Hydrophilic
0.6887
83
interactions

3.19
3.126

To examine the dynamics of ice crystallization and investigate the rate of water
crystallization under nanostructured graphene confinement, two different subsequence
simulations namely as energy minimization and seeding simulations84 are performed on each
modeled system setup. Graphene sheets are initially placed to the nearest possible distance with
the primary prismatic facet of the ice block through the energy minimization process where there
is no atomistic overlap between carbon atoms of graphene sheets and water molecules of
confined ice structure. Following that, a thickness of 7.9nm from the basal plane of confined ice
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blocks is melted and changed into liquid water at an elevated temperature of 350.0K. To measure
the rate of water crystallization from supercooled liquid water, I followed two different
simulation strategies in which the effect of different physical parameters on measuring the rate of
water crystallization is investigated including;
(a) graphene sheets are out of confined crystallization simulations
(b) graphene sheets are integrated into the crystallization of confined supercooled water
molecules and conductive heat transfer occurs between graphite blocks and confined ice-water
structure.
1) To measure the rate of water crystallization in case (a), I perform crystallization
simulations by bringing all confined water molecules into NVT ensemble with the temperature
damping parameter of 0.1ps at 250.0K during which interfacial ice particles act as nucleation
sites for supercooled liquid water and facilitate the crystallization process. This crystallization
simulation at a constant temperature with the aid of the thermostat is only applied to water
molecules results in an unrealistically fast dissipation of the released latent heat at the ice-water
interface. During crystallization simulation, graphene sheets are fixed at their lattice positions
and do not interfere in crystallization simulation. Simulation time step is 1.0fs. To investigate the
effect of graphene sheets and water molecules interaction strength into measuring the rate of
water crystallization, I perform two different crystallization simulations for each confinement
size through considering hydrophobic and hydrophilic carbon-oxygen interactions and measure
the rate of ice crystallization once %10 of the thickness of supercooled water changed to ordered
-ice crystals.
2) To investigate the dynamics of ice crystallization under confinement in case (b), I
initially performed crystallization simulation for water molecules under NVT simulation for
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0.2ns to remove the effect of graphene-water interfacial force on increasing the water
temperature then followed crystallization simulation under NVE constrain to simulate the
dissipation of freezing heat obtained during ice growth more realistically than when the
thermostat during NVT simulation is applied. During NVE crystallization simulation, graphene
sheets are thermostated under NVT constraint at 250.0K and conductive heat transfer occurs
between graphene sheets and confined water molecules. In the NVE simulations, it is vital to use
short integration time, 0.2 fs in my case, to maintain the energy constant along the trajectories143.
Figure 4.4(a) and (b) illustrates a molecular representation of the simulation setup
contains ice block consists of supercooled water confined by graphene sheets with the
confinement size of 5nm and density profile of oxygen atoms of water molecules as a function of
atom coordinates normal to the ice-supercooled water interface, i.e. y-direction.

Figure 4.4

Snapshot of the ice block contains supercooled liquid water confined by graphene
layers with the confinement size of 5nm; (b) Density profile of oxygen atoms as a
function of the coordinate normal to the ice-supercooled water interface, y, for the
configuration shown in (a).
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4.3
4.3.1
4.3.1.1

Results and discussions
Ice crystallization in quasi-bulk system
Validity of NVT crystallization simulation
To investigate the dynamics and rate of ice crystallization from supercooled liquid water

in the bulk state where there is no confinement, I perform crystallization simulations under NVT
constraint with the temperature of interest at 250.0K. Upon performing simulation, ice crystals
available at the ice-supercooled water interface act as the nucleation sites which enable
disordered water molecules to crystallize into ordered ice crystals. Figure 4.5(a) shows the
temperature of water molecules during the NVT crystallization simulation after 20.0ns. In this
plot, T0 stands as the reference interest temperature at 50.0K. It indicates the magnitudes of
temperature fluctuate around rather zero value which demonstrates the validation of applying
NVT simulation within my crystallization simulations. Figure 4.5(b) indicates the density profile
of water molecules obtained during water crystallization along the direction perpendicular to the
ice-water interface. It shows after 20.0ns about 1.5nm of the supercooled liquid water changed to
becoming ordered ice structure, which indicates ice crystallization occurs in my simulation setup
system during NVT simulation.
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Figure 4.5

4.3.1.2

(a) Temperature profile of water molecules during NVT crystallization simulation;
(b) density profile of oxygen atoms of water molecules perpendicular to the icesupercooled interface obtained at 0.0ns and 20.0ns.

Rate of water crystallization
Figure 4.6 (a) shows the snapshots at the beginning and the end of an MD simulation in

the bulk condition. It is seen that the disordered liquid-state water molecules are crystalized into
an ordered structure by the end of the simulation. Accordingly, the change in the number of
solid-state water molecules, 𝑁𝑆 , (determined from the order parameter calculation) shows a
close-to-linear increase with simulation time (Figure 4.6 (b)). From the slope of the linear fitting,
𝑘

the rate of crystallization can be determined to be 𝛾𝑏𝑢𝑙𝑘 = 𝜌×𝑆 = 3.5 cm/sec, where 𝑘 is the
𝑥𝑧

slope of the linear fitting obtained from Figure 6(b) and 𝑆𝑥𝑧 is the cross-sectional area of the
simulation box of the x-z dimension.
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Figure 4.6

4.3.2
4.3.2.1

(a) Snapshots are taken from MD simulations at the time of 100.0ns (left) and the
end (right) of ice crystallization simulation in the bulk condition; (b) Number of
solid-state water molecules as a function of simulation time at 250 K.

Ice crystallization under graphene confinement with removing freezing latent
heat
Validity of NVT crystallization simulation
Figure 4.7 (a)-(b) shows the temperature profile of water molecules confined between

graphite blocks as a function of simulation time and the thickness of ice block along x-direction
respectively. It shows water temperatures fluctuate around the targeted temperature of 250K and
also different layers of water molecules experienced different temperatures by deviating around
250K.
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Figure 4.7

4.3.2.2

(a) Temperature of confined ice-water molecules versus simulation time obtained
for confinement size of 50.0Å; (b) Temperature profile of water along with the
thickness of ice structure parallel to the ice-water interface obtained at a different
simulation time of 10ns, 70ns, and 130ns.

Measurement of the rate of water crystallization

Figure 4.8

A Snapshot is taken from a crystallization simulation with the confinement size of
d=5.0nm. “G” stands for graphite blocks in the figure.

Figure 4.8 shows an exemplar snapshot of a confined system obtained during
crystallization simulation. It can be seen that water molecules stay persistently disordered in the
interfacial regions while the interior region has crystalized, which is due to the mismatch
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between the lattice structures of the graphite and the ice phase. Figure 4.9 (a)-(d) show the
changes in the number of solid-state water molecules 𝑁𝑆 as the function of simulation time, when
water is confined between two graphite blocks separated at distances of d = 3.0 nm, 5.0 nm, 10.0
nm, and 20.0 nm, respectively.
Again, function 𝑁𝑆 (𝑡) in all four systems exhibits close-to-linear variations, from which
crystallization rates can be determined similarly to the bulk system. The dependence of the
crystallization rate on the separation distance 𝑑 is shown in Figure 4.10. With 𝑑 = 20nm the
crystallization rate is close to that in the bulk state, suggesting that crystallization in the interior
region dominates the growth of 𝑁𝑆 , and that the interfacial region becomes insignificant given its
relatively small volume in this sample. Gradually decreasing crystallization rates are observed
with smaller confining distances 𝑑, until the rate falls below zero at d = 3.0nm. The negative rate
suggests that the ice crystal phase is no longer thermodynamically stable when the confinement
distance is less than a lower limit. Altogether, the results suggest that the water-substrate
interface, even with the substrate being hydrophilic, undermines the crystalizing process both
kinetically and thermodynamically. Kinetically, the presence of the interfacial layer slows down
the reorientation of water molecules, and thermodynamically an ordered crystal phase is out of
favor as the two disordered interfacial layers near the confining surfaces start to overlap.
It is also of interest to investigate the effects of “hydrophobicity” of the substrates on the
crystallization rate. This is achieved by changing the force field parameter 𝜀𝐶𝑂 =
0.392 (𝑘𝐽. 𝑚𝑜𝑙 −1 ) in the simulations. The red and blue symbols in Figure 10 shows
crystallization rates measured with substrates being “hydrophobic” and “hydrophilic,
respectively. Hydrophobic substrates are seen to enhance the kinetics of water crystallization by
showing consistently higher (positive) rates. This somewhat unexpected outcome speaks to the
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fact that movements of water molecules near the interface are the dominant factor that controls
the rate. For a hydrophilic substrate, water molecules need to overcome stronger attractive
interactions to relocate and re-orientate near the interface.

Figure 4.9

Number of solid-state water molecules as a function of simulation time measured
from MD simulations with the confinement size “d” being of (a) 3.0 nm, (b) 5.0
nm, (c) 10.0 nm, (d) 20.0 nm.

In the study of the effects of the size and hydrophobicity of confinement on the
crystallization rate, the carbon atoms in the MD simulations have been kept out of the integration
of the equations of motion for the sake of reducing the computational cost. To accomplish this,
the Nosé–Hoover thermostat183 is applied to water molecules to maintain the system at the
desired temperature. From a physics point of view, this is equivalent to the instantaneous
removal of heat of crystallization from water. It is, however, of practical relevance to also
understand how the transfer and dissipation of heat generated during the crystallization process
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affect the rate of the process under different degrees of confinement. Toward this end, two sets of
simulations are conducted. While the carbon atoms are included in the integration of equations of
motion in both sets of simulations, the Norse-Hoover thermostat is applied to all molecules in the
“NVT” simulations, but only to the carbon atoms in the “NVT-NVE” simulations. In the latter,
the motions of water molecules follow the Newton equation, and the confining graphite blocks
function as a heat reservoir for maintaining the water temperature at the desired value via heat
transfer.

Figure 4.10

4.3.3
4.3.3.1

Rate of ice crystallization as a function of confinement size “d”. Negative rates
indicate that the ice phase is thermodynamically unstable under the corresponding
confinement condition. The rate measured in the bulk state is marked as the dashed
line.

Ice crystallization under graphene confinement with simulating freezing released
latent heat
Validity of NVE crystallization simulation
Figure 4.11 (a)-(b) represents the temperature profiles of water molecules as a function of

simulation time measured in the “NVT” (red line) and “NVT-NVE” (blue line) simulations with
the confinement size of 5nm and 10nm respectively. It shows however temperature of water
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molecules is well maintained at the initial set temperature where the Nose-Hoover thermostat is
applied using NVT simulations, but it indicates a temperature difference for the water molecules
experienced crystallization under “NVT-NVE” simulations. The dominating variations in
temperature magnitudes are therefore occurred due to the process of released crystallization
latent heat at the ice-water interface under the “NVT-NVE” simulation that is not
instantaneously dissipated like as it occurs under “NVT” crystallization simulations.
Furthermore, the difference in temperature of water molecules experiencing different
crystallization simulation method is more noticeable with the larger confinement size of 10nm
compared with 5nm, a comprehensive effect considering the greater released crystallization heat
accumulated in the system indicating a higher number of water molecules in the system with the
larger confinement size of 10.0nm.

Figure 4.11

Time evolution of relative change in temperature of water molecules obtained
during NVT-NVE (blue dot-lines) and NVT (red dot-lines) simulation for systems
of confinement sizes of (a) 5.0nm and (b) 10.0nm; in these plots, T0 is the system
initial temperature at 250K.
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Figure 4.12 (a) shows the change in the total energy of the water molecules calculated
during “NVT-NVE” crystallization simulations for the system with the confinement size of
5.0nm. It shows the total energy in the system is well conserved by representing a mean value
close to zero. Figure 2(b) represents the density of oxygen atoms of water molecules under
confinement (blue line-dots) and bulk ice Ih for the reference. It shows 𝜌O (x) of water molecules
close to the graphite interfaces at both ends (𝑥~[0, 5]Å and [45, 50]Å ), suggests enhanced
“contact” peaks compared to the bulk values. The contact peaks are the result of atomistic
interactions between oxygen atoms of water molecules and carbon atoms of graphene sheets and
thus their presence disturbs the molecular structures in the vicinity of the graphene interfaces.
Another way of characterizing the structure of the ice slabs confined by surfaces is
through calculating the distribution of the 𝑞6 order parameter along the x-direction, 𝑄6(𝑥).
Different from 𝜌O (x) that depicts the “likelihood” of finding water molecules at given 𝑥, 𝑄6(𝑥)
characterizes the “ordering” of the ice structure as a function of the distance from the surface.
The more crystal-like the structure is at a given 𝑥, the greater value the 𝑄6(𝑥) has. A typical
threshold value for differentiating crystal-like and liquid-like structure is 0.37. The distributions
suggest that away from the graphite substrate interfaces, the structure of water molecules is
obviously crystal-like. Close to the graphene layers, structure “ordering” deteriorates
significantly. In region 𝑥~[0, 5], 𝑄6(𝑥) falls below the threshold value 0.37 indicating a liquidlike disordered structure. Considering that 𝜌O(x) in the same region also exhibits “contact” peaks
(a greater number density), it thus implies that structures in this graphene interface region are
probably glass-like. Figure 4.12(d) illustrates an exemplified snapshot of the system under
“NVT-NVE” simulations with the confinement size of 5nm taken at 55.0ns. It shows water
molecules in the interfacial region of graphene layers indicating a disordered structure.
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Figure 4.12

(a) Time evolution of the total energy of the confined ice-water system under
“NVT-NVE” simulations during water crystallization; (b) Number density of
oxygen atoms of water molecules along with the ice-water interface, x-direction,
for the system of confined (blue dots) and bulk Ih ice (red dots); (c) Distribution of
Q6(x) values as a function of x-direction at different simulation time (d) Exemplar
snapshot of the system with confinement size of 5nm taken at 55ns.
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4.3.3.2

Measurement of the rate of ice crystallization

Figure 4.13

Number of solid-state water molecules (Ns), and the evolution of length of
crystallized water calculated during NVT-NVE(blue dots) and NVT(red dots) as a
function of simulation time for the systems with confinement sizes of (a)(c) 5nm
and (b)(d) 10nm.

To monitor the crystallization of confined water molecules in each system, I calculated
the local order parameter (q6 values) for all the water molecules during ‘NVT” and “NVT-NVE”
simulations. To distinguish between water molecules being in a solid- or liquid-like state, I label
the water molecules as in the “solid-state” for those denoting q6 values higher than 0.37. Figure
4.13(a-b) shows the time evolution of the number of solid-state water molecules (Ns) calculated
during “NVT” (red dots) and “NVT-NVE” (blue dots) crystallization simulations for the
confinement sizes of 5nm and 10nm respectively. An increase in the number of Ns values
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measured under different simulation methods demonstrates water crystallization in each confined
system. To measure the rate of water crystallization, I converted the Ns values to the length of
ice crystallized and plotted the calculated values as a function of simulation time in which the
measured slop magnitudes obtained by the linear fittings shown in Figure 4.13(c) and (d) reflect
the rate of water crystallization in each system with confinement size of 5nm and 10nm
respectively. It is observed that in the system with the confinement size of 5nm, the “NVT-NVE”
expresses a higher rate of water crystallization compared with “NVT” crystallization simulations.
On the one hand, the accumulation of heat generated during water crystallization results in
enhancement of the dynamics of molecular motion under corresponding conditions and thus
improve the rate of crystallization. On the other hand, based on the Wilson-Frenkel
crystallization theory shown in Equation 1, exhibiting a rather higher temperature of the water
molecules during “NVT-NVE” compared with “NVT” simulations, leads to enhancement of
molecular diffusion (D) thus results in kinetic effects dominating the thermodynamics driving
force. Eventually, it causes molecules to take a shorter time to incorporate into the growing ice
phase, and therefore the rate of water crystallization is promoted under the corresponding
condition.
𝑢(𝑇) =

|Δ𝜇(𝑇)|
𝐷(𝑇)
[−𝑒𝑥𝑝 (−
)]
𝑎
𝑘𝐵 𝑇

(4.1)

where D(T) is the diffusion coefficient, a is a characteristic length of the order of the
molecular diameter (one molecular diameter), Δμ is the chemical potential difference between
the solid and the liquid phase, and kB is the Boltzmann constant. Figure 14 shows the rate of
water crystallization under graphite confinement that reflects the slop magnitudes measured in
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Figure 4.13(c-d) and the rate of water crystallization in the quasi bulk-like state (reference
system). As it is mentioned, compared to the reference system, it demonstrates confinement
results in a decreasing rate of water crystallization. A longer simulation time is essential to
determine the rate of water crystallization rigorously under the underlying method and compare
the rate with the previously measured values where the Nose-Hoover thermostat is only applied
to confined water molecules.

Figure 4.14

(a) Exemplified time evolution of the number of water molecules in solid-state
(Ns) for the water crystallization under NVT, NVT-NVE, and NVT-NVT
simulations (b) Time required water molecules initiate to crystallize as a function
of confinement size for various developed crystallization simulation methods.

Figure 4.15(a) shows the number of solid-state water molecules as a function of
simulation time for the system with the confinement size of 5nm considering the various
simulation methods I developed. It represents in all established methods number of Ns values are
initially dropped drastically. This happens as a result of ice-water and ice-graphene interfaces in
the modeled system setup. Following that, at a specific simulation time, Ns values indicate
positive values by showing an increase in the number of solid-state water molecules. I called the
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time necessary that the critical cluster is formed as the time lag labeled with “τt” shown in Figure
15(b). It shows, increasing the confinement size to 100Å, results in decreasing the required time
for starting water crystallization, an understandable outcome considering the results shown in
Figure 4.13. Also, it represents thermostating graphene sheets leads to increasing the magnitudes
of τt for both confinement sizes which is an unexpected achievement as the critical nucleus is
initiated to nucleate at the ice-water interface and more importantly, the motion of graphene
sheets does not have any effect on the critical cluster size shown in Equation 2 that is necessary
water to start crystallization. Based on the Classical Nucleation Theory (CNT);

𝑁𝑐 =

32𝜋𝛾 3
3𝜌𝑠2 |∆𝜇|3

(4.2)

where 𝛾 is the crystal-fluid interfacial free energy, ∆μ is the chemical potential difference
between the fluid and the crystal, and ρs is the density of the solid cluster.
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Summary
In this work, I perform all-atom Molecular Dynamics (MD) simulations to investigate the
crystallization dynamics of water molecules in quasi-bulk and under nanoscale graphene
confinements. In the quasi-bulk system, I introduce a solid-liquid interface along the basal plane
of a slab of pre-equilibrated ice by melting ~%60 of ice into liquid water at an elevated
temperature of 300 K followed by bringing down the temperature of liquid-state water molecules
into 250 K and equilibrating for 2ns. The resulting structure is then used as the initial
configuration for the production phase of crystallization simulation under the NVT ensemble at
250 K until all liquid-state water molecules turn into ice crystals.
For the systems of ice under confinement, I initially place the primary prismatic plane of
pre-equilibrated ice in a vacuum distance between two graphite blocks. Then, the energy
minimization process is performed in which graphene sheets are placed into the nearest possible
distance with confined ice with no overlap between atoms of ice and graphene sheets. Initial
configurations are then obtained by following the melting and supercooling process methods
described for the quasi-bulk system. In these systems, confinement sizes are 2 nm, 3 nm, 4 nm, 5
nm, 10, and 20 nm. Production crystallization simulations are finally performed under the NVT
ensemble during which the Nose-Hoover thermostat is only applied to water molecules and
crystallization latent heat is artificially removed from the system. In these simulations, graphene
sheets are kept out of integrations of motions.
I also perform another set of water crystallization simulations under NVE constraint
applied on water molecules during which graphene sheets are thermostated under NVT
simulations at 250K. Ice growth simulations in the NVE ensemble are more similar to
experiments because the heat released by freezing is not artificially removed by a thermostat like
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in NVT simulations. In these simulations, the confining graphite blocks function as a heat
reservoir for maintaining the water temperature at the desired value via conductive heat transfer.
Furthermore, the crystallization latent heat released at the ice-water interface in these simulations
is dissipated by the conductive heat being transferred with graphene sheets. To reduce the
computational costs graphene confinement sizes are limited to 5 nm and 10 nm.
To monitor the crystallization of water molecules into ice crystals and investigate the rate
of water crystallization, I calculated the local order parameter for all the water molecules in the
quasi-bulk and confinement systems during which a threshold value between a water molecule
being in the “liquid-state” or “solid-state” is assigned. The mathematic descriptions and
explanations are provided in chapter 2 of this dissertation.
Results of water crystallization in the quasi-bulk system show liquid-state water
molecules are turned into ice crystals after about ~180 ns representing a positive slope of Ns
magnitudes versus simulation time. The measured slope is then used to calculate the rate of water
crystallization. My simulation results show a rate of water crystallization of about 3.5 cm.sec-1
which is close to the value represented in literature139.
Results from water crystallization under graphene confinement show that nanoscale
confinement structures play a significant role in affecting the crystallization dynamics of water
molecules. It is found liquid water under a confinement size of 20 nm represents a rate of
crystallization close to the water in the bulk state. Results of water crystallization furthermore
indicate a decrease in magnitudes of the rate of crystallization by lessening the confinement sizes
in which negative magnitudes of the rate of water crystallization are obtained for the water
molecules under confinement sizes lower than 3 nm. The negative rates however indicate that
the ice crystal phase is no longer thermodynamically stable when the confinement size is less
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than a lower limit. Results altogether suggest that nanoscale confinement hinders the dynamics
of crystallization either kinetically through reducing the rate of water crystallization or
thermodynamically by destabilizing the confined crystal phase.
To investigate the effect of water-graphene interaction strength on the dynamics of water
crystallization, I also performed the crystallization of water under hydrophobic graphene
confinement by changing the force field parameter (Ɛco) in the simulations. Hydrophobic
compared to hydrophilic confinements are indicated to enhance the kinetics of water
crystallization by representing higher rates of ice growth. This suggests that the motion of
interfacial water molecules near surfaces is the key role controlling the crystallization rates in
which water molecules under hydrophilic confinements need to overcome stronger attractive
interactions to re-orientate near the interface.
Results from water crystallization under“NVT-NVE” simulations exhibit higher
crystallization rate magnitudes, with the difference being greater with a confinement size of 10
nm. This achievement can be understood from the viewpoint of the kinetics of molecular
motions. This implies that the dynamics of ice growth under nanoscale confinement are
essentially affected by the mechanism of heat dissipation released at the ice-water interface.
The results from my MD simulations of ice growth provide an atomistic understanding of
the dynamics of water crystallization in bulk and under nanoscale confinement to the
experimental researchers. It delivers the knowledge of the effect of the surface property namely
confinement sizes and degree of surface hydrophobicity on the rate of water crystallization.
Since understanding and controlling the growth rate of ice are significant in various industries
and disciplines such as aviation technology, food industries, and material sciences, the results
from my MD work specifically provide knowledge to experimentalist to help them in enhancing
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the design of anti-icing surfaces through controlling the size of surface roughness and degree of
surface hydrophobicity. My MD results represent substrates indicating surface roughness sizes
lower than 3 nm results in suppressing water from crystallization at 250 K, which could be a
piece of useful information in designing anti-icing surfaces. Also, my findings could be
impressive to the area of icing research for the future simulation studies and investigations in
which water crystallization from various types of confinement with different chemistry can be
examined by using the simulation and modeling strategies and protocols developed in my study.
Furthermore, the effect of temperature on the growth rate of ice crystal under confinement can be
investigated through performing MD simulation to evaluate if the results support the existence of
a maximum in the ice growth rate profile as a function of ice temperature as previously predicted
in the experiment and MD simulation work143.
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